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CONFERENCE PROGRAMME

Tuesday, Nov 22, 2022

11:30

Registration

12:00

Lunch

13:00

Opening Remarks

Session |: Thiophosphate and Sulfide Electrolytes and Cell Concepts

13:15

KEYNOTE LECTURE
Understanding the Interphasial Phenomena in All-
Solid-State Batteries

Y. Shirley Meng (Chicago/US, San Diego/US)

14:00

INVITED LECTURE
Characterization of Solid Electrolytes and All-Solid-
State Batteries under Active Pressure Control

Bernhard Roling (Marburg/DE), N. Kaiser
(Marburg/DE), M. Kroll (Marburg/DE), M. Duchardt
(Marburg/DE), V. Mi3 (Marburg/DE), M. Cronau
(Marburg/DE), C. Kénig (Marburg/DE), A.
Ramanayagam (Marburg/DE)

14:30

INVITED LECTURE
Solid-state batteries at Umicore

Shinichi Kumakura (Olen/BE)

15:00 Recent development on components and Felix Hippauf (Dresden/DE), S. Cangaz
processing for thiophosphate-based all-solid-state- (Dresden/DE), A. Dupuy (Dresden/DE), S. Poetke
batteries (Dresden/DE), M. Fiedler (Dresden/DE), B. Schumm
(Dresden/DE), T. Abendroth (Dresden/DE), H.
Althues (Dresden/DE), S. Kaskel (Dresden/DE)
1520 Coffee Break

15:50

Conformal Nanoparticle Coatings for Stabilizing
Layered Ni-Rich Cathodes in All-Solid-State Battery
Environments

Yuan Ma (Eggenstein-Leopoldshafen/DE), Jurgen
Janek (Eggenstein-Leopoldshafen/DE), Aleksandr
Kondrakov (Eggenstein-Leopoldshafen/DE),
Torsten Brezesinski (Eggenstein-
Leopoldshafen/DE)

16:10

Understanding the role of charge carrier transport
in high performance silicon-based anode
composite for solid state lithium-ion battery

Moumita Rana (MUnster/DE), Wolfgang Zeier
(MUnster/DE)

16:30

Interface evolution of the
LiNiosC002Mno20/LisPSsCl solid-state battery
cathodes during cycling

Barthélémy Lelotte (Villigen/CH), C. A. F.Vaz
(Villigen/CH), C. Borca (Villigen/CH), T. Huthwelker
(Villigen/CH), V. Pelé (Bordeaux/FR), C. Jordy
(Bordeaux/FR), L. Gubler (Villigen/CH), M. El Kazzi
(Villigen/CH)

16:50

Implementation of conversion alloy active
materials as anodes in solid-state batteries and
their stability compared to liquid systems

Julian J. A. Kreissl (GieRen/DE), J. Janek
(GieBen/DE)

17:10

Visualizing mechanical defects of sulfidic solid-
state Li-ion batteries

Robert S. Young (London/GB), F. lacoviello
(London/GB), A. J.E. Rettie (London/UK), R. Jervis
(London/GB)

17:30

Poster Speed Talks

18:30

Wednesday, Nov 23, 2022

Poster Session and "Dinner@Poster"

Session |I: Oxide and Polymer Electrolytes and Cell Concepts

08:30 KEYNOTE LECTURE

Mechano-electrochemical Phenomena and
Anode-free Manufacturing of Solid-state Batteries

Jeff Sakamoto (Ann Arbor/US)

09:15

INVITED LECTURE

Beyond PEO with Hybrid Concepts: Caprolactone
Oligomers as Key Strategy Towards Higher Energy
Densities

Gunther Brunklaus (MUnster/DE), Y.-H. Chen
(MUnster/DE), F. Kempe (MUnster/DE), K. L. Liu
(MUnster/DE), A. Buchheit (MUnster/DE), M. Winter
(MUnster/DE)
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CONFERENCE PROGRAMME

09:45 INVITED LECTURE E. Querel (London/UK), I. Seymour (London/UK), R.
The importance of interface chemistries to Brugge (London/UK), A. Cavallaro (London/UK), N.
optimize ion dynamics in all solid-state batteries Nabi (London/UK), F. Pesci (London/UK), Ainara

Aguadero (London/UK, Cantoblanco/ES)

10:15 Coffee Break

10:45 Understanding the Dendrite-Growth of NaSICON  Qianli Ma (Julich/DE), T. Ortmann (GieBen/DE), A.
Electrolytes and Enhancing their Dendrite- Yang (Julich/DE), F. Tietz (Julich/DE), Dina
Tolerance by Surface Engineering Fattakhova-Rohlfing (Julich/DE, Duisburg/DE),

Jurgen Janek (GieBen/DE), Olivier Guillon
(Julich/DE)

11:05 Grain boundary engineering to control chemistry  Hyunwon Chu (Cambridge/US), T. Defferriere
and transport for safe garnet-type solid-state (Cambridge/Us), K. Kim (Munich/DE), H. Paik
electrolytes (Cambridge/US), L. Kong (Cambridge/US), H. L.

Tuller (Cambridge/Us), J. L. M. Rupp (Munich/DE)

11:25 Handling the carbonates: An easy modification of  Ignacio Cuevas Zuviria (Uppsala/SE), F. Nkosi

the LLZO surface towards better interfaces (Uppsala/SE), K. Edstrom (Uppsala/SE), Mario Valvo
(Uppsala/SE)

1:45 Investigations on the ion transport of NASICON for Eunike Mahayoni (Amiens/FR), Z. Deng

sodium all-solid state battery electrolytes (Singapore/SG), T. P. Mishra (Singapore/SG), Q. Ma
(Julich/DE), A. J. K. Tieu (Singapore/SG), O. Guillon
(Julich/DE), P. Canepa (Singapore/SG), J. N. Chotard
(Amiens/FR), V. Seznec (Amiens/FR), C. Masquelier
(Amiens/FR)

12:05 Beyond PEQ: Sidechain Diester polymer Mukundan Thelakkat (Bayreuth/DE), D. Rosenbach
electrolytes for all solid-state Lithium metal (Bayreuth/DE), A. Krimalowski (Bayreuth/DE), H.
batteries Erabhoina (Bayreuth/DE)

1225 Lunch

Session lll: Processing of SSB Materials and Cells

13:40 INVITED LECTURE Riidiger Daub (Garching/DE)
Understanding the interplay of material selection,
product design and manufacturing process as the
key for scalable production of high-energy ASSB
electrodes

14:10 INVITED LECTURE S. Weber (Braunschweig/DE), D. Wolff
Technical, economic and ecological evaluation of (Braunschweig/DE), M. Grube (Braunschweig/DE),
production processes for Solid-State-Batteries N. Dilger (Braunschweig/DE), Sabrina Zellmer

(Braunschweig/DE)

14:40 INVITED LECTURE Yuki Katoh (San Jose/US)
A solid state lithium-metal anode battery
development at QuantumScape

15:10 Factorial Energy: Transformational Semi-Solid- Raimund Koerver (Munich/DE, Woburn/US)
State Technology

15:30 Coffee Break

16:00 All-solid-state sodium-ion batteries based on I. Bardenhagen (Bremen/DE), J. Thomas
hydroborates (Bremen/DE), F. Langer (Bremen/DE), Julian

Schwenzel (Bremen/DE)

16:20 Towards water-processable catholytes for solid- Elina Nazmutdinova (MUnster/DE), A. Gréschel

state batteries (MUnster/DE), N. M. Vargas-Barbosa (MUnster/DE)
Session |V: Theory and Modelling
16:40 KEYNOTE LECTURE Arnulf Latz (UIm/DE), M. Clausnitzer (Ulm/DE), J.

Impact of structures and Interfaces on
performance of solid state batteries: A simulation
perspective

Dippell (UIm/DE), T. Danner (UIm/DE)
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CONFERENCE PROGRAMME

17:25 INVITED LECTURE Anja Bielefeld (GieRen/DE), J. Janek (GieBen/DE)
Microstructure of Composite Cathodes for All-
Solid-State Batteries: Origins, Influences and
Consequences

19:00 Departure to Conference Banquet

Thursday, Nov 24, 2022

Session V: Alternative Systems and Characterisation
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08:30 KEYNOTE LECTURE H. Kwak (Seoul/KR), J. Park (Seoul/KR), 3. S. Kim
Materials Chemistry Spaces for Halide Superionic (Seoul/KR), 3. P. Son (Seoul/KR), Yoon Seok Jung
Conductors for All-Solid-State Batteries (Seoul/KR)

09:15 INVITED LECTURE Philipp Adelhelm (Berlin/DE)

Electrode reactions with large volume expansion
in solid-state batteries

09:45 INVITED LECTURE O. Thompson (Grenoble/FR), P. Perrenot
Multiscale operando investigation of sulfide based (Grenoble/FR), O. Korjus (Grenoble/FR), L. Trassart
solid electrolyte (Grenoble/FR), A. Fauchier-Magnan (Grenoble/FR),

E. Suard (Grenoble/FR), F. Fauth (Barcelona/ES), F.
Alloin (Grenoble/FR), Claire Villevieille
(Grenoble/FR)

10:15 Understanding inorganic/organic interfacial Léa R. Mangani (Grenoble/FR), James A. Isaac
charge transfer by identifying the governing (Grenoble/FR), Didier Devaux (Grenoble/FR),
parameters of electrolyte/ceramic interface Renaud Bouchet (Grenoble/FR)

10:35 Coffee Break

11:00 Characterization of the interfacial chemistry and Juan M. Lépez del Amo (Vitora-Gasteiz/ES)

Li-ion exchange processes in ceramic—polymer
composites by solid state NMR.

11:20 Cost-efficient Na* halide solid electrolyte using Juhyoun Park (Seoul/KR), J. P. Son (Seoul/KR), H.
earth-abundant metal elements for all-solid-state ~ Kwak (Seoul/KR), Y. Choi (Seoul/KR), Y. S. Jung
Na-ion batteries (Seoul/KR)

1:40 Tuning halide solid electrolytes - synthesis, Eveline van der Maas (Delft/NL), S. Ganapathy
aliovalent doping and halogen substitution shed (Delft/NL), M. Wagemaker (Delft/NL)
light into structure to property relationships

12:00 Elucidating the redox processes of lithium Valerie Siller (Villigen/CH), C. A. F. Vaz (Villigen/CH),
thiophosphate solid electrolytes by X-ray C. Borca (Villigen/CH), T.Huthwelker (Villigen/CH),
spectroscopic techniques M. El Kazzi (Villigen/CH)

1220 Concentration and Velocity Profiles in a Polymeric  Hans-Georg Steinriuck (Paderborn/DE), C.J. Takacs O 34
Lithium-ion Battery Electrolyte (Stanford/US), H.-K. Kim (Lemont/US), D. M.

Mackanic (Stanford/US), B. Holladay (San Diego/US),
C. Cao (Upton/US), S. Narayanan (Lemont/US), E. M.
Dufreshe (Lemont/US), Y. Chushkin (Grenoble/FR),
B. Ruta (Grenoble/FR), F. Zontone (Grenoble/FR), J.
Will (Erlangen/DE), O. Borodin (Adelphi/US), S. K.
Sinha (San Diego/US), V. Srinivasan (Lemont/US), M.
F. Toney (Boulder/US)

12:40 Probing the interfacial dynamics of polymer Yaolin Xu (Berlin/DE), E. Kataev (Berlin/DE), R. Felix- O 35

electrolyte-based SSBs Duarte (Berlin/DE), R. Garcia-Diez (Berlin/DE), K.V.
Tran (Berlin/DE), Z. Kochovski (Berlin/DE), P. Feng
(Berlin/DE), M. Bar (Berlin/DE), I. Manke (Berlin/DE),
Y. Lu (Berlin/DE), P. Adelhelm (Berlin/DE)
13:00 Concluding Remarks
13:10 Lunch and Departure




DEVELOPMENT ENGINEER ALL-SOLID-STATE-BATTERY CELLS
IN THE BMW BATTERY CELL COMPETENCE CENTRE (BCCC) (F/M/X) - 71663

We are a cross-disciplinary team of experts working on evaluating next-generation-technology battery cells focusing on solid state battery
technology and subcomponents for automotive use.

What awaits you?

- You will coordinate the requirements for next-generation-technology battery cells in future electrical energy storage systems for electric
vehicles with internal stakeholders and external partners.

- Additionally, you will develop innovative concepts for automotive battery cells and subcomponents within a team of international experts
as part of the BMW Battery Cell Competence Centre.

- Your area of responsibility will also include the implementation of prototypes for new battery cell concepts in different sample phases.

- In addition, you will verify and optimize process design parameters and establish new process standards in coordination with the proto-
type line.

- Furthermore, you will be responsible for testing and validating of the battery cell performance (energy, lifetime, power, fast charge,
swelling force, safety, etc.) against the requirements.

What should you bring along?

- University degree in the field of chemical engineering, electrical engineering, physics, chemistry, materials sciences, or a comparable
field of study.

- In-depth professional experience in the field of electric storage technologies, particularly battery cells is required.

- Extensive experience in the field of all solid state battery technology.

- Knowledge of battery cell production/ processes.

- Experience in working with international suppliers.

- Excellent communicative skills in German and English (oral and written).

You have the talent to quickly grasp and structure complex issues? Apply now!
Note: Please apply exclusively online via our career portal. Applications via other channels (esp. email) cannot be considered.

What do we offer?

- 30 days of holiday.

- Attractive remuneration.

- BMW & MINI promotions.

- Career development.

- Flexible organisation of working times.

- High Work-Life Balance.

- Mobility offers.

- And many other benefits - see bmw.jobs/benefits

Earliest starting date: from now on, Type of employment: unlimited, Working hours: Fulltime

Contact:
Christoph Raab, BMW Group Recruiting Team, +49 89 382-17001
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Advanced Characterization

P 01 In-Situ Transmission Electron Microscopy Heating Experiments of LiNiO: Particles in O. Atmosphere

Thomas Demuth (Marburg/DE), M. Malaki (Marburg/DE), S. Ahmed (Marburg/DE), P. Kurzhals (Giessen/DE), A. Beyer
(Marburg/DE), 3. Janek (Giessen/DE), K. Volz (Marburg/DE)

P 02 In-situ TEM observation of Na-filament formation in oxide electrolyte

Ziming Ding (Eggenstein-Leopoldshafen/DE), G. Melinte (Eggenstein-Leopoldshafen/DE, UIm/DE), Y. Tang (Eggenstein-
Leopoldshafen/DE), C. Klbel (Eggenstein-Leopoldshafen/DE, UlIm/DE, Darmstadt/DE)

P 03 Methods from machine learning for the structural analysis of Li-ion electrode particles
Orkun Furat (UIm/DE), D.P. Finegan (Golden/US), Kandler Smith (Golden/US), Volker Schmidt (UIm/DE)

P 04 Monitoring of structural changes in sodium/sodium-ion cells by advanced in-situ and ex-situ
solid-state NMR
Thorsten Gutmann (Darmstadt/DE), E. Si¢ (Darmstadt/DE), M. Melzi d'Eril (Darmstadt/DE), K. Schutjajew (Jena/DE), M. J.
Graczyk-Zajac (Darmstadt/DE), H. Breitzke (Darmstadt/DE), R. Riedel (Darmstadt/DE), M. Oschatz (Jena/DE), C.
Buntkowsky (Darmstadt/DE)

P 05 Revealing local ionic conductivity and chemical distribution in solid state electrolytes by
Electrochemical Strain Microscopy
Florian Hausen (Julich/DE), P. Veelken (Julich/DE), N. Schén (Jalich/DE)

P 06 Comparative evaluation of degradation in thiophosphate based all solid-state batteries
Jonas Hertle (Giessen/DE), F. Walther (Giessen/DE), J. Janek (Giessen/DE)

P 07 Stability and surface modification of LLZTO thin film

Maximilian Mellin (Darmstadt/DE), G. Cherkashinin (Darmstadt/DE), T. Ferber (Darmstadt/DE), J. P. Hofmann
(Darmstadt/DE), M. Donzelli (Stuttgart/DE), O. Clemens (Stuttgart/DE)

P 08 A method for visualizing Li distribution in solid-state batteries by Plasma FIB-SEM, EDS, and SIMS

Yige Sun(Oxford/GB, Didcot/GB), G. M. Hughes (Oxford/GB), J. Bu(Oxford/GB), C. R. M. Grovenor(Oxford/GB), P. S. Grant
(Oxford/GB, Didcot/GB)

SSB cell concepts: thin film and bulk (“thick film”) SSB

P 09 Comparison of Conventional Co- and Cold-Sintered All-Phosphate Based Composite Cathodes for
Solid-State Batteries
Jean Philippe Beaupain (Dresden/DE), K. Watzig (Dresden/DE), C. Baumgartner (Dresden/DE), M. Vinnichenko
(Dresden/DE), A. Aurich (Dresden/DE), H. Auer (Dresden/DE), N. Zapp (Dresden/DE), K. Nikolowski (Dresden/DE), M.
Partsch (Dresden/DE), M. Kusnezoff (Dresden/DE)

P 10 Thin Polycaprolactone Separators for Polymer Solid State Batteries

G. Brunklaus (Munster/DE), Yi-Hsuan Chen (MUnster/DE), F. Kempe (MUnster/DE), K.L. Liu (MUnster/DE), A. Buchheit
(MUnster/DE)

P11 Development of a zero excess Li-S battery containing an inorganic solid electrolyte
Joshua. H. Cruddos (London/GB)

P 12 Surface optimization of phosphate-based composite cathodes for lithium batteries
P. Odenwald (Julich/DE, Duisburg/DE), Enkhtsetseg Dashjav (Julich/DE), J. Gross (Julich/DE), F. Tietz (Julich/DE), D.
Fattakhova-Rohlfing (Julich/DE, Duisburg/DE)

P13 Development of all-solid-state lithium sulfur battery cathodes with low binder content

Magdalena Fiedler (Dresden/DE), S. Cangaz (Dresden/DE), F. Hippauf (Dresden/DE), T. Abendroth (Dresden/DE), H.
Althues (Dresden/DE), S. Kaskel (Dresden/DE)

P 14 Fabrication of thin-garnet electrolytes for solid-state Li-metal batteries

Hana Terefe Gobena (Minchen/DE), Kun Joong Kim (Minchen/DE), Martin Finsterbusch (Julich/DE), Dina Fattakhova-
Rohlfing (Julich/DE), Jennifer LM. Rupp (MUnchen/DE)

P15 Designing cathode composite for oxide Li-metal battery
Kunjoong Kim (Garching/DE), M. Wadaguchi (Komaki/JP), S. Weinmann (Garching/DE), H. Gobena (Garching/DE), J. L. M.
Rupp (Garching/DE, Cambridge/US)

P 16 Slurry-Cast Solid Electrolyte/Binder-Sheets as Separators in All-Solid-State Batteries
- a Comparative Study
Tobias Kutsch (Garching/DE), C. Sedimeier (Garching/DE), H. A. Gasteiger (Garching/DE)

-10-
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P17 An overview of recent developments of SSB at CIDETEC
Andriy Kvasha (Donostia-San Sebastian/ES), O. Garcia-Calvo (Donostia-San Sebastian/ES), A. Gutiérrez-Pardo (Donostia-
San Sebastidn/ES), . Combarro (Donostia-San Sebastian/ES), J. F. Vélez (Donostia-San Sebastian/ES), P. Lamas-Ardisana
(Donostia-San Sebastian/ES), I. Landa-Medrano (Donostia-San Sebastian/ES), |. Boyano (Donostia-San Sebastian/ES), I.
Urdampilleta (Donostia-San Sebastian/ES)

(Donostia-San Sebastidn/ES)

P 18 Investigations of negative electrode alternatives towards efficient anode-free solid-state batteries
O. Garcia-Calvo (Donostia-San Sebastian/ES), Antonio Gutiérrez-Pardo (Donostia-San Sebastian/ES), . Combarro
(Donostia-San Sebastian/ES), I. Urdampilleta (Donostia-San Sebastian/ES), A. Kvasha (Donostia-San Sebastian/ES)

P19 Challenges in the Development of All-Solid-State 5 V Lithium lon Batteries
Zhili Liang (Darmstadt/DE), L. Alff (Darmstadt/DE), G. Cherkashinin (Darmstadt/DE), E. Dashjav (Julich/DE), F. Tietz
(Julich/DE)

P 20 The Role of Pressure and Temperature during Cell assembly on the Cell performance of sulfide based
All-Solid-State-Batteries
Tobias Neumann (Freiburg/DE), J. Vogler (Freiburg/DE), M. Schmucker (Freiburg/DE), I. Krossing (Freiburg/DE), D. Biro
(Freiburg/DE)

P 21 Titanium sulfide-based ternary compounds as cathode active materials for SSB batteries
Francesco Piccolo (Berlin/DE), P. Adelhelm (Berlin/DE)

P 22 High-energy solid-state batteries by the use of nanostructured Si-C materials
Stephanie Poetke (Dresden/DE), F. Hippauf (Dresden/DE), S. Dérfler (Dresden/DE), H. Althues (Dresden/DE), S. Kaskel
(Dresden/DE)

P 23 Thin-film solid-state batteries: from efficient microbatteries to monolithically-stacked devices
Yaroslav E. Romanyuk (DUbendorf/CH), J. Sastre (DUbendorf/CH), A. Aribia (DUbendorf/CH), L. Brinkman (DUbendorf/CH),
M. H. Futscher (DUbendorf/CH)

P 24 Rapid Thermal Processing of Garnet-Based Composite Cathodes
Walter Sebastian Scheld (Julich/DE), S. Lobe (Julich/DE), C. Dellen (Jtlich/DE), M. Ihrig (Julich/DE), G. Hauschen
(Julich/DE), M. Finsterbusch (Julich/DE), S. Uhlenbruck (Julich/DE), O. Guillon (Julich/DE), D. Fattakhova Rohlfing
(Julich/DE)

P 25 Implementation of a Li-Metal Reference Electrode in All-Solid-State Battery Pouch Cells for Half-Cell
Potential Controlled Rate Tests
Robin Schuster (Garching/DE), C. Sedlmeier (Garching/DE), T. Kutsch (Garching/DE), H. A. Gasteiger (Garching/DE)

P 26 Fabrication and Modification of Pouch-Type All-Solid-State Lithium Batteries
Yongbae Song (Seoul/KR), S. Jun (Seoul/KR), K. H. Baeck (Seoul/KR), Y. S. Jung (Seoul/KR)

P 27 Towards Optimised Cell Design of Thin Film Silicon-Based Solid-State Batteries via Modelling and
Experimental Characterisation
Pooja Vadhva (London/GB), A. Boyce (London/GB, Didcot/GB), A. Hales (London/GB, Bristol/GB), A. Patel (London/GB), P.
Shearing (London/GB, Didcot/GB), G. Offer (Didcot/GB), A. J. E. Rettie (London/GB, Didcot/GB)

P 28 The influence of molecular weight on the processing of PEO-based solid electrolytes with a slot die
Andrea Wiegandt (Bremen/DE), F. Langer (Bremen/DE), J. Schwenzel (Bremen/DE)

P 29 Computational Study of the Formation of Solid Electrolyte Interface from Polycaprolactone
Kazem Zhour (Munster/DE), A. Heuer (MUnster/DE), D. Diddens (MUnster/DE)

Industrial Processing of SSB

P 30 Scale-up of mechanochemical synthesis and demonstration of a continuous production process for
sulfide-based solid electrolytes
Michael Grube (Braunschweig/DE), M. Hofer (Braunschweig/DE), C.F. Burmeister (Braunschweig/DE), P. Michalowski
(Braunschweig/DE), S. Zellmer (Braunschweig/DE), A. Kwade (Braunschweig/DE)

P 31 Powder Aerosol Deposition, a Novel Way to Manufacture All-Solid-State Batteries
Lukas Hennerici (Bayreuth/DE), M. Sozak (Bayreuth/DE), M. Linz (Bayreuth/DE), M. Schamel (Bayreuth/DE), J. Kita
(Bayreuth/DE), M.A. Danzer (Bayreuth/DE), R. Moos (Bayreuth/DE), S. Lang (Karlsruhe/DE), D. Kramer (Karlsruhe/DE), R.
Ménig (Karlsruhe/DE)

P 32 Advanced co-sintering of a LiNio.sMnisO4 and LiossLaossTiOs composite cathode for all-solid-state

Li batteries
Che-an Lin (Tainan/TW), M. lhrig (Julich/DE), K.-C. Kung (Tainan/TW), O. Guillon (Julich/DE), S.-K. Lin (Tainan/TW)

-11-
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P 33

P34

Enabling the Industrial Wet Coating Process for Sulfide-Based All-Solid-State Battery Components -
An Experimental Study on Product-Process Correlations
Célestine Singer (Garching/DE), S. Schmalzbauer (Garching/DE), H.-C. Tépper (Garching/DE), R. Daub (Garching/DE)

Scalable production of a polymer-based matrix-supported solid-electrolyte separator for use in
all-solid-state-batteries
Lovis Wach (Garching/DE), J. Kriegler (Garching/DE), F. Konwitschny (Garching/DE), R. Daub (Garching/DE)

Interface studies in SSB and SSB components

P 35

P 36

P 37

P 38

P39

P 40

P 41

P 42

P 43

P 44

P 45

P 46

P 47

P 48

P 49

Modification of SE Films for Stable Li Metal Anode in All-Solid-State Lithium Batteries
Ki Heon Baeck (Seoul/KR), Y. B. Song (Seoul/KR), Y. S. Jung(Seoul/KR)

Visualizing the structure evolution of CuS-based SSBs by 3D Tomography
Z.G. Zhang (Berlin/DE), Changjiang Bai (Berlin/DE), K. A. Mazzio (Berlin/DE), K. Dong (Berlin/DE), |. Manke. (Berlin/DE, P.
Adelhelm (Berlin/DE)

Microscale-silicon anodes with high silicon content fabricated by water-based slurry processing for
use in all-solid-state batteries
Gioele Conforto (Garching/DE), H. A. Gasteiger (Garching/DE)

Current-Dependent Lithium Metal Growth Modes in ‘Anode-Free’ Solid-State-Batteries at the
Cu|LLZO-Interface

Till Fuchs (Giessen/DE), Juri Becker (Giessen/DE), C. G. Haslam (Ann Arbor/US), C. Lerch (Giessen/DE), J.Sakamoto (Ann
Arbor/US), F. H. Richter (Giessen/DE), J. Janek (Giessen/DE)

Interface engineering of solid-state batteries
Hanyu Huo (Giessen/DE)

Halide-Sulfide Hybrid Catholytes for Ni-Rich Cathodes Designed by Digital-Twin for
All-Solid-State Batteries

Jong Seok Kim (Seoul/KR), H. Kwak (Seoul/KR), Y. J. Han (Seoul/KR), Y. S. Jung (Seoul/KR)

Studying lithium stripping and plating behavior of silver-carbon composite layer with solid
polymer electrolyte

Yushi Lu (Stuttgart/DE), H. Chang (Stuttgart/DE), P. Birke (Stuttgart/DE)

Anhydrous LiNbO;s Synthesis and Its Application for Surface Modification of Garnet Type

Li-lon Conductors

Markus Mann (Julich/DE), C. Schwab (Aachen/DE), M. Ihrig (Julich/DE), M. Finsterbusch (Julich/DE, MUnster/DE), M.
Martin (Julich/DE, Aachen/DE, Mlnster/DE), O. Guillon (Julich/DE, Munster/DE), D. Fattakhova-Rohlfing (Julich/DE,
Mdunster/DE)

Effect of Carbon Black on the Conductivity of a LisPSsCl-based Catholyte: A Percolation Study
Elias Reisacher (Aalen/DE), P. Kaya (Aalen/DE), V. Knoblauch (Aalen/DE)

Impact of carbon additives’ microstructure on sulfide solid electrolyte decomposition and its
optimization for improved SSBs

Yannik Schneider (GieBen/DE), S. Randau (GieBen/DE), F. Walther (GieBen/DE), S. Burkhardt (GieBen/DE), F. H. Richter
(GieBen/DE), J. Janek (GieBen/DE)

Polymer interlayer design to stabilize reactive interfaces between carbon additive and inorganic solid
electrolyte

Sudeshna Sen (Warwick/GB), B. Shi (GieBen/DE), N. Herrmann (GieBen/DE), F. Schnaubelt (GieBen/DE), F. Walter
(GieBen/DE), J. Sann (GieBen/DE), F. H. Richter (GieBen/DE)

Polymer Coating of NCM to Improve the Cycling Stability in Solid-State Batteries

Bing-Xuan Shi (GieBen/DE), Y. Yusim (GieBen/DE), S. Sen (Warwick/GB), R. Ruess (GieBen/DE), T. Demuth (Marburg/DE),
K. Volz (Marburg/DE), A. Henss (GieBen/DE), F. H. Richter (GieBen/DE)

Evaluation method of effective surface area for solid state battery cathode layer
Masufumi Shibata (Yokosuka/JP), M. Kawabuchi (Yokosuka/JP), T. Kotaka (Yokosuka/JP), Y. Aihara (Yokosuka/JP)

Investigations of Li-ion migration in the novel electrolyte of GCD-PCL in Bulk and at Interfaces using
Molecular Dynamics
Gourav Shukla (MUnster/DE), M. Fischer (Munster/DE), A. Heuer (MUnster/DE), D. Diddens (Munster/DE)

lonically Conducting Inorganic Binders for Solid-State Batteries
Shivam Trivedi (UIm/DE)

-12-



POSTER PROGRAMME BEN SOLID-STATE BATTERIES V

P 50
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Insight into the Li-LiPON-interface at molecular level: interfacial decomposition and reconfiguration

Kangli Wang (GieBen/DE), D. Mollenhauer (GieBen/DE)

A hybrid LLZO-LSPS-based solid-state battery
J. Huttl (Dresden/DE), H. Auer (Dresden/DE), S. Tanikawa (Dresden/DE), Nicolas Zapp (Dresden/DE), K. Nikolowski
(Dresden/DE), M. Partsch (Dresden/DE), A. Michaelis (Dresden/DE)

Improving Li-ion interfacial transport in hybrid solid electrolytes

M. Liu (Delft/NL), Shengnan Zhang (Delft/NL), E. R. H. van Eck (Nijmegen/NL), C. Wang (Delft/NL), S. Ganapathy (Delft/NL),
M. Wagemaker (Delft/NL)

Impacts of cell physical parameters on the cycling performance of thin metallic lithium in sulfide-
based all-solid-state batteries
Jinsong Zhang (Villigen/CH), T. 3. Schmidt (Villigen/CH, Zurich/CH), M. El Kazzi (Villigen/CH)

HfO. Nanoparticle Coating for Stabilizing Layered Ni-Rich Oxide Cathodes in Solid-State Batteries
Y. Ma (Eggenstein-Leopoldshafen/DE), R. Zhang (Eggenstein-Leopoldshafen/DE), Wengao Zhao (Eggenstein-
Leopoldshafen/DE), J. Janek (Eggenstein-Leopoldshafen/DE), A. Kondrakov (Eggenstein-Leopoldshafen/DE), T.
Brezesinski (Eggenstein-Leopoldshafen/DE)

Origin and growth of lithium dendrites at grain boundaries in garnet solid electrolytes

Chao Zhu (Mainz/DE), T. Fuchs (Giessen/DE), H-J. Butt (Mainz/DE), F. H. Richter (Giessen/DE), J. Janek (Giessen/DE), R.
Berger (Mainz/DE)

Investigation of the Exchange Current Densities in Bulk-Type All-Solid-State Batteries

Asvitha Ramanayagam (Marburg/DE), V. Mi3 (Marburg/DE), B. Roling (Marburg/DE)

Solid Electrolytes for SSB
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P 61
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P 63
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Thermal, mechanical, and dielectric properties of PVDF-LiTFSI-based solid polymer electrolyte
membranes for lithium ion batteries
Nasr Bensalah (Doha/QA), Yannis De Luna (Doha/QA), Christian Randell Arro (Doha/QA)

Thermal transport in solid state battery materials: A case study of NazPS.
Tim Bernges (MUnster/DE), M. T. Agne (Munster/DE), T. Béger (MUnster/DE), W. G. Zeier (MUnster/DE)

Solid electrolyte based on 2-adamantanone for all-solid-state lithium-ion batteries
Joshua Budde (Bremen/DE), I. Bardenhagen (Bremen/DE), F. Langer (Bremen/DE), K. Koschek (Bremen/DE), J.
Schwenzel (Bremen/DE)

Defect Chemistry and lon Transport in Low-Dimensional-Networked Li-Rich Anti-Perovskites as
Solid Electrolytes for Solid-State Batteries

Ana Carolina Coutinho Dutra (Newcastle/GB), J. Dawson (Newcastle/GB)

Garnet LisLasZr.Or. based electrolytes for all-solid-state lithium-ion batteries
F. Nkosi (Uppsala/SE) , Ignacio Cuevas (Uppsala/SE), M. Valvo (Uppsala/SE)

Pressure induced strain engineering of ion transport in Li* argyrodites
Vasiliki Faka (MUnster/DE), M. T. Agne (MUnster/DE), W. Zeier (MUnster/DE)

Plastic-crystalline electrolytes for batteries
Theodosios Famprikis (Delft/NL)

Effect of the Processing route on the structure and dznamics of NazZr.Si-POr.

Asma'u Gebi (Karlsruhe/DE), M. Schifer (Karlsruhe/DE), A-L. Hansen (Karlsruhe/DE), O. Dolotko (Karlsruhe/DE), S. Indris
(Karlsruhe/DE), M. Knapp (Karlsruhe/DE)

Solution-Processed Non-Crystalline Thin Film Solid Electrolytes for Li and Na Metal Batteries
Thomas Gill (London/GB), P. Vadhva (London/GB)

Highly Conducting Argyrodite Based Composite Membranes with Excellent Mechanical and
Electrochemical Behaviour

Philip Heuer (Munster/DE), W. Zeier (MUnster/DE)

Cycling demonstration of Sequential Deposition Synthesis-synthesized lithium garnet films in
full batteries

Jesse Hinricher (Cambridge/US), C. A. Kim (Cambridge/US), H. C. Lee (Seoul/KR), L. Miara (Cambridge/US), Z. Hood
(Cambridge/US), A. Maurano (Cambridge/US), W. S. Chang (Seoul/KR), J. J. Cho (Cambridge/US), J. L. M. Rupp
(Cambridge/US)
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Defect chemistry and disorder in LisAlP: Solid electrolytes
Ji Hu (London/GB), A. B. Youd (London/GB), P. Vadhva (London/GB), D. O. Scanlon (London/GB), A. J. E. Rettie
(London/GB)

Development of Recycling Strategies for All-solid-state Li-ion Batteries with Oxide- and Halide based
solid electrolyte
Martine Jacob (Stuttgart/DE), A. |. Waidha (Darmstadt/DE), K. Wissel (Stuttgart/DE), O. Clemens (Stuttgart/DE)

Hybrid Solid Electrolytes for Room-Temperature Application
Eun Ju Jeon (Braunschweig/DE), A. Jean-Fulcrand (Braunschweig/DE), A. Kwade (Braunschweig/DE), G. Garnweitner
(Braunschweig/DE)

Novel electrospun PAN/PEO-based solid polymer electrolytes for Lithium-ion application
Anna Kirchberger (Garching/DE), J. Venturini (Garching/DE), T. Nilges (Garching/DE)

Influence of the sintering procedure on the solid electrolyte’s microstructure and its grain and
bulk resistance
Ove Korjus (Grenoble/FR), C. Villevieille (Grenoble/FR), E. Suard (Grenoble/DE), S. Lyonnard (Grenoble/DE)

A polymer electrolyte based on a new dinitrile poly(ethylene glycol) plasticizer for
solid-state batteries
Kristian Le$ (Osnabrick/DE), J. Schonewerk (Coswig/DE), J. Glenneberg (Bremen/DE), C.-S. Jordan (Osnabrick/DE)

Understanding densification of oxide and phosphate-based solid electrolytes under low-temperature

Pedro Lopez-Aranguren (Vitoria-Gasteiz/ES), G. Accardo (Vitoria-Gasteiz/ES), S. Valiyaveettil-SobhanRaj (Vitoria-
Gasteiz/ES), M. Reynaud (Vitoria-Gasteiz/ES), M. Casas-Cabanas (Vitoria-Gasteiz/ES)

Local structure and transport of record-holding Na* ion conductor Naz.sSbo.sWo.S4
Oliver Maus (Munster/DE), W. Zeier (MUnster/DE)

A short annealing step leads to a strong Li* conductivity enhancement in the amorphous system
0.33 Lil + 0.67 LisPS.

Vanessa MiB (Marburg/DE), S. Spannenberger (Marburg/DE), E. Klotz (Darmstadt/DE), M. Elsayed (Halle/DE), R. Krause-
Rehberg (Halle/DE), M. Vogel (Darmstadt/DE), B. Roling (Marburg/DE)

Fast ion conduction in metal hydride/metal oxide nanocomposites: Interplay between hydride and
oxide properties
Peter Ngene (Utrecht/NL), L.M. de Kort (Utrecht/NL), V. Gulino (Utrecht/NL), P. E. de Jongh (Utrecht/NL)

Controlling densification of Li-garnet electrolyte thin-film for all-solid-state batteries
Haemin Paik (Cambridge/US), J. L. M. Rupp (Cambridge/US, Garching/DE)

Effects of Mechanical Reinforcement utilizing Polymer Blends, Inorganic Fillers, and Block
Copolymerization in Bottlebrush Polymer Electrolytes
Jannik Petry (Bayreuth/DE), H. Erabhoina (Bayreuth/DE), M. Dietel (Bayreuth/DE), M. Thelakkat (Bayreuth/DE)

Oligoethylene oxide functionalized vinylphosphonic esters as solid polymer electrolytes with
adjustable flexibility

Philipp Pfandner (Garching/DE), B. Rieger (Garching/DE)

Systematic investigation of sensitivity of sulfide-based solid electrolytes for lithium-ion batteries
towards humidity
Irina Profatilova (Grenoble/FR), I. Leteyi Mfiban (Grenoble/FR), V. Tarnopolskiy (Grenoble/FR), M. Reytier (Grenoble/FR)

Single-step ball milling synthesis of highly Li* conductive LiszPSs:Cl.» glass ceramic electrolyte
Marvin Szabo (Karlsruhe/DE), A. Jaegermann (Marburg/DE), B. Roling (Marburg/DE), S. Dehnen (Karlsruhe/DE)

XRD-CT Investigation of LPSCI degradation occurring during cycling
Oskar Thompson (Grenoble/FR), G. Vaughan (Grenoble/FR), C. Villevieille (Grenoble/FR)

On the role of binder in all-solid state battery using sulphide based electrolyte
Lucas Trassart (Grenoble/FR, Pierre Bénite/FR), F. Alloin(Grenoble/FR), L. Marchal (Pierre Bénite/FR), C. Villevieille
(Grenoble/FR)

Designing Gel Polymer Electrolyte with Synergetic Properties for Rechargeable Magnesium Batteries

Liping Wang (UIm/DE), Z. Li (UIm/DE), Z. Meng (UIm/DE), Y. Xiu (UIm/DE), B. Dasari (UIm/DE), Z. Zhao-Karger (UIm/DE), M.
Fichtner (UIm/DE)

Synthesis-dependent polymorphism of the sodium ionic conductor NazZrCls

Tong Zhao (MUnster/DE), M. Kraft (Mlnster/DE), O. Maus (Munster/DE), T. Hendrik (Munster/DE), S. Seidel (Munster/DE),
R. Péttgen (MUnster/DE), W. Zeier (MUnster/DE)
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Thermodynamic and kinetic considerations, mechano-chemical effects

P 87 Identifying limiting factors on the cell performance of all-solid-state batteries by microstructural
resolved simulations
Moritz Clausnitzer (UIm/DE), S. Hein (UIm/DE), R. MUcke (Julich/DE), L. Cressa (Luxembourg/LU), M. lhrig (JUlich/DE), M.
Finsterbusch (Julich/DE), T. Danner (UIm/DE), A. Latz (UIm/DE)

P 88 3D Impedance Modelling of Solid-State Battery Components
Janis K. Eckhardt (Giessen/DE), S. Kremer (Giessen/DE), T. Fuchs (Giessen/DE), S. Burkhardt (Giessen/DE), P. J. Klar
(Giessen/DE), J. Janek (Giessen/DE), C. Heiliger (Giessen/DE)

P 89 Investigating safety of solid state batteries via 3D modeling
Mahya Nezhadfard (Braunschweig/DE), N. Bhume (Braunschweig/DE), K. Kretschmer (Braunschweig/DE), N. Do
(Braunschweig/DE), D. Schroder (Braunschweig/DE)

P 90 Sulfide-based All-Solid-State Battery Pouch Cell Production - An Environmental Assessment
Svenja Weber (Braunschweig/DE), D. Wolff (Braunschweig/DE), S. Zellmer (Braunschweig/DE)

Theory and modelling of processes in SSB

P 91 Phase Evolution and Thermodynamics of Al-doped cubic LLZO studied by High-Temperature
X-ray Diffraction
@ystein Gullbrekken (Trondheim/NQ), K. Eggestad (Trondheim/NO), M. Tsoutsouva (Paris/FR), D. Rettenwander
(Trondheim/NO), M.-A. Einarsrud (Trondheim/NO), S.M. Selbach (Trondheim/NO)

P 92 A Lithium Nitride Halide Solid Electrolyte: LisNCL
Victor Landgraf (Delft/NL), T. Famprikis (Deflt/NL), S. Ganapathy (Delft/NL), L. Bannenberg (Delft/NL), M. Wagemaker
(Delft/NL)

P 93 Evaluating Charge Transport and Microstructure of Composite Cathodes for Solid State Batteries

Philip Minnmann (GieBen/DE), J. Schubert (GieBen/DE), S. Burkhardt (GieBen/DE), F. H. Richter (GieBen/DE), J. Janek
(GieBen/DE)
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UNDERSTANDING THE INTERPHASIAL PHENOMENA
IN ALL SOLID STATE BATTERIES

Y. Shirley Meng" 2

1. Pritzker School of Molecular Engineering, The University of Chicago, IL, USA
2. Sustainable Power and Energy Center, University of California, San Diego, CA, USA

Compared with their liquid-electrolyte analogues, Solid state electrolytes SSEs have drawn
increased attention as they promote battery safety, exhibit a wide operational temperature
window, and improve energy density by enabling Li metal as anode materials for next-
generation lithium-ion batteries. Despite suitable mechanical properties to prevent Li dendrite
penetration, relatively wide electrochemical stability windows, comparable ionic
conductivities, and intrinsic safety, most SSEs are found to be thermodynamically unstable
against Li metal, where SSE decomposition produces a complex interphase, analogous to the
SEI formed in liquid electrolyte systems. An ideal passivation layer should consist of ionically
conductive but electronically insulating components to prevent the SSE from being further
reduced. The past four decades have witnessed intensive research efforts on the chemistry,
structure, and morphology of the solid electrolyte interphase (SEI) in Li-metal and Li-ion
batteries (LIBs) using liquid or polymer electrolytes, since the SEI is considered to
predominantly influence the performance, safety and cycle life of batteries. Study of the buried
interfaces in solid state electrolytes has been challenging. Originating from the structural
biology field, cryogenic focused ion beam (cryo-FIB) and cryogenic electron microscopy (cryo-
EM) have recently been introduced to battery research, and have proven the ability to preserve
and probe Li metal for quantitative structural and chemical analysis. All-solid-state batteries
(ASSBs) have been promoted as a highly promising energy storage technology due to the
prospects of improved safety and a wider operating temperature range compared to their
conventional liquid electrolyte-based counterparts. While solid electrolytes with ionic
conductivities comparable to liquid electrolytes have been discovered, fabricating solid-state
full cells with high areal capacities that can cycle at reasonable current densities remains a
principal challenge. To overcome these challenges, a quantitative and in-depth understanding
of the phenomena governing ionic and electronic transport limitations within the cathode
composite, in addition to mechanical aspects arising from significant volume changes
associated with Li metal anodes (including anode-less cell designs) are needed. Such
understanding can be obtained from proper electrochemical measurements described herein. In
this talk, we will highlight solutions to these existing challenges and several directions for future
work are proposed.
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Characterization of Solid Electrolytes and All-Solid-State Batteries
under Active Pressure Control

B. Roling, N. Kaiser, M. Kroll, M. Duchardt, V. Mif3,
M. Cronau, C. Kénig, A. Ramanayagam

Philipps-Universitat Marburg, Hans-Meerwein Stral3e 4,
35032 Marburg, Germany

Lab-scale all-solid-state lithium batteries consist typically of a Li alloy anode, a solid
electrolyte separator layer and a composite cathode. The composite cathode contains a
mixture of active material particles, such as LiNixMnyCo:O2, and solid electrolyte
particles, such as thiophosphates or halides [1-3]. The performance of all-solid-state
batteries depends crucially on the contacts between the solid particles and is thus
strongly influenced by the fabrication pressure as well as by the applied pressure (stack
pressure) during cycling. Consequently, characterization of solid electrolytes and of
complete all-solid-state battery cells under pressure control is important for achieving a
better understanding of pressure-dependent transport and charge transfer processes.

Here, we discuss recent results for (i) the pressure dependence of the ionic conductivity
of amorphous, glass ceramic and microcrystalline solid electrolytes [4]; (ii) the influence
of the cathode morphology on the ion transport tortuosity [4-6]; (iii) different contributions
to the electrochemical impedance of complete all-solid-state battery cells [7] and (iv) the
achievable exchange current densities at AM/SE interfaces [7].

Literature:

[11 K. Kim et al., Chem. Mater. 2021, 33, 3669-3677.

[2] J. Schnell et al., J. Power Sources 2018, 382, 160-175.

[3] M. Cronau et al., ACS Energy Lett. 2021, 6, 3072-3077.

[4] M. Kroll et al., J. Power Sources 2021, 505, 230064.

[5] N. Kaiser et al., J. Power Sources 2018, 396, 175-181.

[6] M. Cronau et al., Batteries & Supercaps 2022, 5, €202200041.
[71V. Mi3 et al., ACS Appl. Mater. Interfaces 2022, 14, 38246.
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Materials for All-Solid-State Batteries at Umicore

Dr. Shinichi Kumakura,

R&D Project Manager at Umicore Olen, Belgium

Rechargeable lithium-ion batteries based on liquid electrolytes and graphite anodes is
currently the dominant technology in many industries. However, their energy density,
safety and power rate are no longer sufficient to meet the demands of large scale
applications such as electromobility and power grids.

On the other hand, Solid-state batteries (SSBs) are enjoying a growing interest as the
nextgeneration of battery systems enabling higher energy cell chemistries, improved
safety, and simplified cells design.

Despite the vast research around solid-state batteries conducted in the past decade,
technological demonstration of high quality SSB devices is not commonplace in the
literature. Cells are often limited in capacity, have rapid cycle fading, must operate at
elevated temperatures, amongst others. Often, the origin of these limitations is driven
by needs for better materials and processing.

Umicore is a materials company supplying cathode active materials for the lithium ion
industry and is actively researching several advanced battery concepts. This talk will

highlight some current activities around materials for solid-state batteries.
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Recent development on components and processing for thiophosphate-based
all-solid-state-batteries

F. Hippauf, S. Cangaz, A. Dupuy, S. Poetke, M. Fiedler, B. Schumm, T. Abendroth,
H. Althues, S. Kaskel
Fraunhofer Institute for Material and Beam Technology, 01277 Dresden, Germany

All-solid-state lithium-ion batteries are promising candidates to overcome safety and
energy limitations of common lithium-ion batteries. Excellent results have been
reported for sulfide based electrolytes on a small scale. More and more companies
announce their first pilot production lines. Therefore, scalable concepts for material

and component development are of crucial need.

The so-called DRYtraec® process had been developed as a viable approach to
replace slurry-based binders by fibrous PTFE and produce laminated electrodes with
a low carbon footprint. It has been demonstrated to work for, both, liquid and solid
electrolyte batteries. NMC cathodes can be produced in a wide range of loading. Now,
we evaluate this process for the fabrication of thin argyrodite separator films and

compare it with slurry-based separators.

To test new cell concepts and components under relevant conditions, it is important to
manufacture prototype cells with thin separator layers and flexible housing. Therefore,
we prepared slurry-free pouch cells based on Ni-rich NMC cathodes and PVD-
synthesized Si anodes.

The columnar structure of the anode has a 1D breathing mechanism similar to lithium,
which preserves the interface toward the electrolyte. Stable cycling is demonstrated
for more than 200 cycles with a high coulombic efficiency (CE) of 99.7-99.9% in full
cells with industrially relevant areal loadings of 4.5 mAh/cm?. Symmetric charging and
discharging with 3.6 C was demonstrated at room temperature and 50°C. A multi-
layered prototype all-solid-state pouch cell was assembled paving the way for

developing demonstrator cells in the Ah-class.

This work has received funding from the Federal Ministry of Education and Research
(BMBF), support code SoLiS (FK: 03XP0395) and FestBatt (FK: 03XP043).
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Conformal Nanoparticle Coatings for Stabilizing Layered Ni-

Rich Cathodes in All-Solid-State Battery Environments

Yuan Ma, Jurgen Janek, Aleksandr Kondrakov, Torsten Brezesinski
Battery and Electrochemistry Laboratory, Institute of Nanotechnology,
Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1,

76344 Eggenstein-Leopoldshafen, Germany

Abstract: Improving the interfacial stability between cathode active material
(CAM) and solid electrolyte (SE) is a vital step toward the development of bulk-
type all-solid-state batteries (ASSBs). One of the challenges is the preparation
of conformal protective nanocoatings on the CAM particles. Here, we present
a new coating strategy using preformed nanoparticles dispersed in solution.
Non-agglomerated nanoparticles of the coating material (here, ZrO2 or HfO2)
were prepared by solvothermal synthesis, and after surface functionalization,
applied to a layered Ni-rich CAM, namely LiNio.s5C00.10Mno.0s02 (NCM851005),
producing a uniform secondary particle coating. When used in argyrodite
LisPSsCl-based ASSBs, the surface-modified NCM851005 was found to exhibit
superior performance in terms of capacity, rate capability and stability over the
bare reference CAM. The effectiveness of the protective coating in mitigating

electro-chemo-mechanical degradation was probed using various techniques.
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Understanding the role of charge carrier transport in high
performance silicon-based anode composite for solid state lithium-
ion battery

Dr. Moumita Rana and Prof. Dr. Wolfgang Zeier

University of Munster, Corrensstr. 30, Munster, Germany-48149

Solid state lithium metal batteries are promising as the next-generation energy storage
system due to their high energy density, thermal stability, and volumetric
miniaturization.[1] However, the use of Li metal anode is detrimental in terms of
dendrite formation and Li deposition in the solid electrolyte (SE) layer that causes
short-circuit, thereby limits the battery cyclability. Besides, the mechanochemical
instability of the Li-SE interface, and the low earth abundance of Li establish the need
for alternative high-capacity anode development. In this regard, silicon is a potential
alternative due to its high theoretical capacity of 4200 mAh/g and low lithiation
potential. The realization of electrochemically stable and high-performance Si based
anode is limited by low electronic and ionic conductivity of Si. [2] Despite appreciable
advances in achieving stable Si based anode, the influence of the transport properties
on the rate capability and long-term stability remain unclear.

In this study, we investigated the role of effective ionic and electronic conductivity in
modulating the electrochemical performance of Si based anodes. First, we have
developed Si-based composites with SE (Argyrodite) and carbon additive, which
significantly improved the ionic and electronic conductivity of the electrode composite,
respectively. By optimizing the ion/electron conducting phase ratio in the composite
and relating corresponding cell performance with effective transport coefficients we
have estimated the limiting conductivity values. The particle size of Si is also found to
significantly influence the effective transport properties, which in turn modulate the rate
performance as well as the long-term stability. This study provides a comprehensive
understanding on the role of charge carrier transport in achieving high-performance

silicon based anode for solid-state batteries.

Reference:

[1] Janek, J.; Zeier, W. G. Nat. Energy 2016, 1, 16141.

[2] Ohta, N.; Kimura, S.; Sakabe, J.; Mitsuishi, K.; Ohnishi, T.; Takada, K. ACS Appl.
Energy Mater. 2019, 2, 7005.
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Interface evolution of the LiNio.sC00.2Mno202/LisPSsCl solid-state
battery cathodes during cycling

B. Lelotte, Villigen/CH, C. A. F. Vaz Villigen/CH, C. Borca Villigen/CH, T. Huthwelker
Villigen/CH, V. Pelé Bordeaux/FR, C. Jordy Bordeaux/FR, L. Gubler Villigen/CH, M. El
Kazzi Villigen/CH
Barthélemy Lelotte, Paul Scherrer Institut, Forschungsstr. 111, 5232 Villigen PSI

All-solid-state Li-ion batteries (ASSBs) are closer than ever to wide-scale applications.
They bring improved safety and increased energy density if the compact solid
electrolyte (SE) can prevent the Li metal dendrite growth and interface degradation at
high operating voltage. Due to the narrow electrochemical stability window of the SE,
one of the current focus is to stabilize its interface with both cathode and anode
materials. Understanding the degradation reaction mechanism taking place at these
buried interfaces is extremely challenging: it requires the use of non-destructive surface
sensitive techniques capable to provide fine chemical analysis with depth profile
sensitivity combined with an excellent lateral resolution to discriminate signals
originating from the surface and near surface of the different particles (active materials,
SE and conductive carbon additive) composing the working electrode (WE).

In this contribution, we present a detailed study of the interface in the
LiNio.sC00.2Mno.202 (NCMe22) / LisPSsCl (LPSCI) / conductive carbon (C65) WE cycled
up to 4.3 V vs. Lit+/Li. First, galvanostatic cycling and electrochemical impedance
spectroscopy demonstrate a low coulombic efficiency of 72% during the 15 cycle and a
gradual increase of the impedance with the number of cycles, respectively. To explain
the electrochemical performance, the chemical evolution of the interface is monitored
ex situ by soft and tender-X-ray absorption spectroscopy (XAS) at the transition metals
(TM) L-edges, P and S K-edges, as well as, at the C and O K-edges at the SIM and
Phoenix beamlines of the Swiss Light Source. These techniques provide information on
the oxidation states and local environment during cycling of both NCMe22 and LPSCI.
The XAS acquisition is performed by combining measurements with the (i) high lateral
resolution and surface sensitivity of X-ray photoemission electron microscopy (XPEEM)

and (ii) depth profile total electron yield (TEY) and total fluorescence yield (TFY).
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Implementation of conversion alloy active materials as anodes
in solid-state batteries and their stability compared to liquid
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The increasing demand for energy storage systems requires further

development of commercial batteries. In particular, the need for high-energy
and high-power batteries for electric vehicles requires the optimization of
lithium-ion batteries (LIBs) or development of new battery systems like solid-
state batteries (SSBs). Considering the charging rate, the anode material
becomes the focus of research. Graphite anodes tend to lithium plating at
elevated C-rates and low temperatures in LIBs.[' Due to the high specific
energy of lithium, it is the most desired anode material for LIBs and Li-SSBs.
However, dendrite growth and the instability of the anode/electrolyte interface is
a major challenge in both systems.[?

Due to their high specific capacity (e.g9. gzno =987 mAh g™"), high lithium-ion
diffusion and high-rate capability conversion/alloy active materials (CAAMs) are
considered as one of the most promising candidates to replace graphite anodes
in LIBs. Besides the positive aspects, the lithiation/delithiation of CAAMs is
hampered by drastic volume changes, large voltage hysteresis, and the
formation of unstable solid electrolyte interphases (SEls).®l To improve the
CAAM/electrolyte interface degradation, composite anodes (CAAMs, conductive
carbon, solid electrolyte) can be used in SSBs.!*

Within this work, we compare different CAAMs — SnO2, Sno.gFeo.102, ZnO and
Zno.oFeo.1O — for their implementation in SSBs. Furthermore, we shed light on
the interphase formation at the CAAM/electrolyte interface by FIB-SEM, EDX
and ToF-SIMS analysis. Surprisingly, we observe a different performance and
stability of the CAAMs in comparison to CAAMs in liquid based batteries.

[11 M. Weiss, et al., Adv. Energy Mater. 11 (2021) 2101126.

[2] L.M. Riegger, et al., Angew. Chemie 133 (2021) 6792-6797.

[3] J. Asenbauer, et al., J. Power Sources 473 (2020) 228583-228592.

[4] H. Notohara, et al., ACS Appl. Mater. Interfaces 12 (2020) 43042—43048.
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The solid-state lithium-ion battery (SSB) has the potential to address concerns in
energy density, safety, and fast charge/discharge rates [1]. Sulfidic solid electrolytes
have advantages compared to other types of solid electrolytes, mainly their ease of
machining and relatively high ionic conductivity [2]. SSBs also come with challenges
such as mechanical degradation of the electrolyte; forming cracks, voids, and Li

dendrites that ultimately limit their performance and lifetime.

In the field of SSBs, many experiments have taken advantage of the power of X-ray
Computed Tomography (XCT). With XCT, researchers can track cracking, void
development, and loss of interfacial contact during cycling [3,4]. The objective of this
work is to enhance the utilization of XCT on SSBs, to give better insight into the

formation and degradation of SSBs.

Here, the formation and operation of sulfidic SSBs is studied via XCT with the
utilization of bespoke cell designs. In-situ pellet formation is made possible in an x-
ray transparent apparatus that doubles as a cell fixture. Radiography and XCT can
be performed during the formation of the solid electrolyte pellet, giving insight into
pellet formation at various pressure and temperature conditions. Additionally,
functional SSBs are manufactured within the apparatus which is optimized for lab
based and synchrotron radiation sources. These cells are developed for high
resolution imaging with minimal artifact production, providing key insight into the

mechanical degradation of sulfidic SSBs.

Literature:

[1] X. Yang, K. R. Adair, X. Gao, and X. Sun, Energy Environ Sci, 14, 643—671
(2021). [2] T. Chen et al., ACS Appl Mater Interfaces, 11, 40808—-40816 (2019). [3] J.
Kasemchainan et al., Nat Mater, 18, 1105-1111 (2019). [4] S. Hao et al., Nano
Energy, 82 (2021).
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ABSTRACT

There is tremendous interest in making the next super battery, however Li ion technology
continues to improve and has inertia in several commercial markets. Recent material
breakthroughs in solid-electrolytes (SE) could enable a new class of non-combustible
solid-state batteries delivering twice the energy density (>1,300 Wh/L) compared to Li-
ion. However, technological and manufacturing challenges remain, creating the impetus
for fundamental and applied research.

This discussion will consist of fundamental aspects such as the mechano-electrochemical
phenomena at solid interfaces as well as manufacturing challenges related to the
integration of Li metal electrodes. The underlying physics that control the stability and
kinetics of Li/SE interfaces are fundamentally different from interfaces in Li ion
technology. Moreover, the mechano-electrochemical phenomena that occur during
discharge and charge at the Li/SE interface are considerably different. For example,
during charging at higher rates and lower temperatures, Li metal filaments can initiate at
defects and propagate through relatively hard ceramics. During discharge, if the Li
stripping rate is sufficiently high and the temperature is sufficiently low, voids form at the
interface causing delamination at of the interface.

In another example, novel mechano-electrochemical phenomena are emerging when
analyzing the formation of Li anodes in using the Li°-free manufacturing approach. Using
this approach for solid-state batteries, Li metal in interposed between a current collector
and the SE. The mechanics at this interface will determine the feasibility of this approach
by controlling the homogeneity of the in situ formed Li anode. While significant progress
is advance the technological maturity of solid-state batteries, there remain fundamental
questions regarding the physics at interfaces and whether or not they exhibit sufficient
stability and kinetics that are relevant to EVs.
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The market demands for larger energy densities in battery applications necessitate
polymer electrolytes that are compatible with Li metal anodes and operate at moderate
temperatures. Polymers are inherently safer than typical liquid electrolytes due to their
non-volatile properties and viscosity that prevent leakage even upon mechanical abuse
of the cells. While commercially available batteries with PEO (Bollore) are operated at
>60°C, tailor-made polycaprolactones provide reasonable electrochemical performance
already at 40°C. In addition, PCL-based electrolytes are considered as biodegradable,

affordable and are straightforward to produce. [1]

Increased discharge capacity was realized with suitable hybrid cell concepts employing
composite cathodes, an approach that was particularly successful in case of flowable
caprolactone oligomers, thereby enabling NMC622||Li cells with cathode mass loadings
of up to 6 mg/cm? and discharge capacities of >150 mAh/g. In addition, the hybrid cell
concept invoked an ultra-thin matrix-supported polymer electrolyte membrane. Since
oligomers are viscoelastic fluids, they reflect a compromise among conflicting demands
of low viscosity liquid electrolytes and high yield strength polymers, rendering this
approach applicable to numerous other oligomers. Also, their rather low vapor pressure
makes them safer candidate materials for achieving high energy density batteries.

The introduced hybrid cell concept based on oligomer infiltrated composite cathodes
and thin polymer electrolytes constitutes a key strategy to facilitate benefits of polymer-

based solid-state batteries that can be achieved for a variety of polymer chemistries.

[1] Y.-H. Chen, Y.-C. Hsieh, K. L. Liu, L. Wichmann, J. H. Thienenkamp, A. Choudhary,
D. Bedrov, M. Winter, G. Brunklaus, Macromol. Rapid Commun. 2022, 2200335.
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The need to develop safer batteries with enhanced energy densities is promoting the
development of non-flammable solid electrolytes and their integration with alkali metal
negative electrodes. A major challenge is the optimization of the dynamic metal/solid
electrolyte interfaces that lead to premature cell degradation specially at high current
densities. Whereas some of these problems can be solved by the application of high
pressures or temperatures during operation, the integration of these systems requires
optimization of performance in unpressurised systems at room temperature. Two of the
best solid state alkaline-ion conductors are derivatives of LizLasZr.012 Garnet-type
structures for Li and NasZr.Si;PO12, NaSICON type structures for Na able to reach values
of 15-10"" mS/cm at RT.[1,2] In this work, we focus on the study of Na/NaSICON and
Li/Garnet interfaces paying particular attention to the effect that surface chemistry has
on the charge transfer resistance and stability under high current densities. The study
brings a combination of surface sensitive techniques including secondary ion mass
spectrometry, low energy ion scattering and x-ray photoelectron spectroscopy with
electrochemical and computational analysis. We prove that the surface chemistry of solid
electrolytes has a dominant role on the design of stable, high-performance metal/solid
electrolyte interfaces and that the tuning of the surface chemistry is a powerful tool to

improve the performance of these devices at high current densities.[3,4]

References: [1] Q. Ma, C.-L. Tsai, X.-K. Wei, M. Heggen, F. Tietz and J. T. S.
Irvine, J. Mater. Chem. A, 2019, 7, 7766-7776. [2] C. Bernuy-Lopez, W.
Manalastas, J. M. Lopez Del Amo, A. Aguadero, F. Aguesse and J. A. Kilner,
Chem. Mater., 2014, 26, 3610-3617. [3] E. Quérel, |. D. Seymour, A. Cavallaro,
Q. Ma, F. Tietz and A. Aguadero, J. Phys. Energy, 2021, 3, 044007. [4] R. H.
Brugge, F. M. Pesci, A. Cavallaro, C. Sole, M. A. Isaacs, G. Kerherve, R. S.
Weatherup and A. Aguadero, J. Mater. Chem. A, 2020, 8, 14265-14276.
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Compared to their lithium counterpart, solid-state sodium battery (SSNB) is regarded to have similar
properties but is a much less mature technology because it has been much less addressed. Besides their
well-known natural endowment like high element abundance, low price etc., in the present study, some
technological advantages of SSNBs are discussed in comparison with solid-state lithium batteries (SSLBs).
Recently, Nas 4Zr,Si> 4P 6012 (NZSP) ceramics were reported to have total conductivity of 5 x 10 S cm’!
at 25 °C, higher than previously reported polycrystalline Na-ion conductors.!!! Inhibition of dendrite growth
in SSLBs and SSNBs has long been a challenge to the field. In the present study, with simply sticking
sodium metal to NZSP ceramic pellets and without external pressure applied during operation, the critical
current density (CCD) of Na/NZSP/Na symmetric SSNBs reaches 9 mA c¢cm™ at 25°C. The cells can be
stably operated at areal capacity of 5 mAh cm? (per half cycle, with 1.0 mA c¢cm) at 25°C for 300 h in a
galvanostatic cycling measurement without any dendrite formation. This CCD is much higher than those
of existing SSLBs operated at similar conditions. The influence of metal self-diffusion on the dendritic
plating as well as a self-forming Na-P-O nano-layer on the surface of NZSP are the main explanations of
the high dendrite tolerance of SSNBs.[>?! Moreover, NZSP also shows interesting dendrite growth along
the surface of NZSP rather than through the ceramic. Operando investigations and in situ SEM
microelectrode experiments were conducted to reveal the Na plating mechanism. By blocking the surface
from atmosphere access with a sodium-salt coating, surface-dendrite formation is prevented. The dendrite
tolerance of Na | NZSP | Na symmetric cells is then increased to a CCD of 14 mA cm 2 and galvanostatic
cycling of 1 mA em 2/ 1 mAh ecm? (half cycle) is demonstrated for more than 1000 h. Even if the current
density is increased to 3 mA ¢cm? or 5 mA cm 2, symmetric cells can still be operated for 180 h or 12 h,
respectively.* Since SSNBs have these special advantages, the future roadmap of the development of solid-
state batteries may shift from SSLBs towards SSNBs despite the higher molar weight of the sodium
compounds in comparison to the Li analogues.

[1] Q. Ma, C.-L. Tsai, X.-K. Wei, M. Heggen, F. Tietz, J. T. S. Irvine, J. Mater. Chem. A, 2019, 7, 7766—
7776.

[2] E. Quérel, I. D. Seymour, A. Cavallaro, Q. Ma, F. Tietz, A. Aguadero, J. Phy. Energy. 2021, 3, 044007.
[3] C.-L. Tsai, T. Lan, C. Dellen, Y. Ling, Q. Ma, D. Fattakhova-Rohlfing, O. Guillon, F. Tietz, J. Power
Sources 2020, 476, 228666.

[4] Q. Ma, T. Ortmann, A. Yang, D. Sebold, S. Burkhardt, M. Rohnke, F. Tietz, D. Fattakhova-Rohlfing,
J. Janek, O. Guillon, Advanced Energy Materials 2022, 12, 2201680
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Lithium (Li) metal is regarded as the holy grail for the next generation Li batteries, but
unstable Li plating in liquid electrolytes causes a formidable safety challenge. Instead,
lithium lanthanum zirconium oxide (LLZO) solid electrolyte draws attention with
superior material characteristics to control the Li growth. However, Li metal deposits
still penetrate along various interfaces in polycrystalline LLZO. Recently, the grain
boundary (GB) of LLZO was claimed to be a major Li nucleation site given its ionically-
blocking and partially electronically-conducting nature. Till now, limited understandings,

both theoretical and experimental exist on the origin of GB charge transport mismatch.

In this work, we apply the grain boundary core-space charge layer model to explain
the observed transport at the GBs and critical current density (CCD) impact on a cell
level. The excess negative charge at the GB core induces Li vacancy (VL") depletion
and hole (h’) accumulation forming an adjacent space charge zone. The defect
concentration changes then lead to locally reduced ionic conductivity and enhanced

electronic conductivity at the GB regions.

This understanding enables design principles for practical engineering strategies to
control Li metal penetration. First, oxygen-rich sintering was able to decrease the

space charge potential by suppressing negative charge accumulation at the GB core.

-31-



Second, higher donor dopant Ta concentrations levels revealed more effective
compensating the negative core charge with its net positive charge. Both approaches
effectively impeded Li metal nucleation by lowering the local electronic conductivity.
We successfully achieved CCD of ~ 1 mA cm2, more than two-fold increase within the
same conventional processing. The GB core-space charge model and the two GB
engineering strategies appear to aid in addressing an important source of Li metal
penetration in LLZO and can be expected to point to design future safe all-solid-state
Li metal batteries.
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After the discovery[1] of highly lithium-ion conductive Li7La3Zr2012 inorganic solid-state
electrolyte, significant efforts have been made to gain an understanding of its structure to improve
both Li-ion conductivity and its interface properties when employed in electrochemical systems.
The formation of a lithium carbonate-based layer on its surface[2] , hindering Li-ion conductivity
at the interfaces, currently represents one of the main issues to address. Several approaches to
tackle such a detrimental layer have been reported, in many cases not fully addressing the latter,
but rather improving the contact of the pellet with the electrodes and simply accepting the
carbonate-based layer[3] . In other works, however, the neutralisation of this non-conductive
layer has been considered[4] , assuming that such a change might help enormously the
performance of the resulting electrolyte. In our work, we immerse LLZO pellets in a solution of
boric acid to handle two issues at the same time: first, the acid treatment might react with the
carbonate species formed on the LLZO surface and either etch or substitute them. Secondly, a
high enough amount of acid in suspension might also form a sediment on the surface, generating
a very thin, conductive and mechanically plastic surface layer that might enhance the

electrochemical performance in a realistic electrochemical system.

Literature:
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The ongoing search of novel battery systems have catalysed the innovation for solid state
battery, where solid electrolytes hold the key for better performances. Hence, understanding
how these electrolytes transport ion is essential for building a solid-state battery.
Na1+xZr2SixP3.xO12 or NASICON as a mixed polyanion showed some of the highest ionic
conductivities among its peers [1]. Although it has been studied for decades [1-3], our recent
findings [4-5] show potential NASICON species that could push its ionic conductivity values
even higher. Through our kinetic Monte Carlo simulations, mapping the compositional space
of NASICON species over temperature ranges, optimum ionic conductivity was reached for
x=2.4. Experimental work was carried extensively on this basis, choosing different x values
(x=1.5, 2.0, and 2.4) to further understanding the effect of varying Na content.
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Figure 1. a) Powder X-ray diffraction of 3 different NASICON compounds and b) their

electrochemical impedance measurements and different range of temperature.
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Good purity and well-characterized NASICON samples (x=1.0, 2.0, and 2.4) were obtained
at temperature higher than 1100°C. Electrochemical impedance measurements at elevated
temperature were applied to further investigate the materials’ activation energy and phase
behaviour. Through high frequency impedance measurements, the separation of bulk and
grain boundary resistance and their effect was well resolved, dependent on composition. Our
reported experimental highest ionic conductivity reached at 473 K (about 0.165 S/cm) by

x=2.4 is agreeing with our simulations (about 0.170 S/cm) [6].

Literature:
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et al., Chem. Mater. 2018, 30(8), 2618-2630. [6] Z. Deng, et al., Nat Comm. 2022, 13,
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A series of polymethacrylates and polyacrylates carrying diester sidechain moieties
with varying alkyl spacer lengths are designed, synthesized, and evaluated as solid
polymer electrolytes (SPEs) in lithium metal batteries (LMBs). These amorphous
polymers with glass transition temperatures in the range of -58 to +32°C are tested as
SPEs in combination with LiTFSI or LiFSI. At the optimum salt concentration of 25
wt.%, ionic conductivities up to 10* S cm™' at 70°C are achieved. These SPEs reveal
high lithium transport numbers (0.5-0.7) and high electrochemical stability (5.4 V vs.
Li/Li*) as determined by LSV. In combination with an ultrathin polyimide membrane and
10 wt.% TiO2 nanoparticles, dendrite-free plating/stripping at 40 and 70 °C is realized in
symmetrical Li|SPE|Li cells. Detailed Extended Distribution of Relaxation Times (eDRT)
analysis of impedance measurements is employed for understanding the diverse cell
processes. In solvent-free LMBs comprising a polyimide membrane soaked with
nanocomposite polyester electrolyte, a lithium metal foil as anode and an optimized
LiFePO4 cathode, very high initial specific discharge capacities of 152 mAh g ' (at
0.2C, 70°C), excellent capacity retention of 94 % after 100 cycles (at 1C, 70°C) and
negligible capacity fading even at 2C (96% retention after 300 cycles) are
demonstrated. These novel “beyond PEO” polyester-based SPEs exhibit high cycling
stability at 40 °C, making them highly attractive for room temperature applications.
[11.[2], [3].

Literature:
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All-solid-state batteries are one of the most promising next generation energy storage
technologies [1]. Among solid electrolytes, sulfide-based materials are particularly
promising due to their high ionic conductivity and favorable properties regarding
production [2]. The latter will likely enable production technologies for separators and
composite cathodes that are already applied in the manufacturing of conventional lithium-
ion batteries. However, from a production point of view, the industrialization of all-solid-
state batteries depends on the development of cost-effective production technology [3].
To fabricate the thin-film components of ASSB cells, processing techniques have to be
adapted to the properties of the sulfidic materials. Thereby, a fast scale-up and complex
process interdependency handling must be enabled. This talk focuses on resulting
challenges for production technology based on deepened knowledge about upscaling of
sulfide-based composite cathodes and separators. Along the process chain, a detailed
overview of the influence of introducing new materials on the design of machinery,
production environments and process parameters is given.

The complexity thereof results from interlinked design parameters such as material
choice, component composition, loading, and thickness influencing the energy density.
To realize these design parameters, processes such as mixing, coating, drying, and
densification are investigated in detail. Hereby, challenges to fabricate components,
which are competitive concerning a high energy density are highlighted. Further, highly
linked interdependencies such as a zero-porosity strategy to maximizes volumetric
energy density are elaborated and discussed. With regard to full production lines, the
high reactivity of the sulfide-based solid electrolyte with water and impact of this
hydrolysis on the design of production environments is addressed. To maintain both
occupational safety and a high material quality, a quantitative analysis of the formation
of hydrogen sulfide is presented. The talk closes with an outlook on further required
investigations and implications to set-up an industrial production for sulfide-based
ASSB:s.
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Figure 1: Left: Schematic image of an all-solid-state battery, which can be produced by the processes mixing, coating,
drying and calendering and subsequent cell assembly.
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Research within the field of energy storage aims to develop innovative battery technologies that are
able to reach higher energy densities and capacities than Lithium-ion batteries (Li-ion), while meeting
specifications in terms of stability and safety. All-Solid-State Batteries (ASSBs) are a promising
technology to meet these objectives due to their high theoretical energy densities and improved safety
aspects [1,2]. However, to be competitive on the market, ASSBs will need to meet several additional
requirements, such as longer cycle life, low production cost and reduced environmental impact [1,2].
Furthermore, production processes for ASSBs will need to be highly automated and scalable to
compete with current market production technologies [3]. To meet the above requirements, research
on ASSBs has focused on the development of innovative materials, cell concepts and production
processes. However, little is known regarding the environmental impacts of these innovations. Since
ASSBs are still an emerging technology, with research being conducted on a laboratory scale, the
assessment of the potential environmental impacts can help guide decision-making regarding the
identification of scalable production routes.

Life cycle assessment (LCA) studies of ASSBs have previously applied defined scenarios for upscaling
from laboratory scale to larger production scales [4], considering improvements in material efficiency,
energy consumption and waste management. Expert knowledge regarding the processes and technical
feasibility assessments can also be used to support the definition of scenarios for prospective
environmental assessments. A technical feasibility assessment for defined production processes for
ASSBs has previously been conducted, where specific criteria were defined and evaluated to determine
the extent of which ASSB production can utilize the industrial-scale production processes of Li-ion
batteries [3]. The ability to use processes that are already available at a large scale would ease the
entrance of the technology into the market. The technical feasibility assessment was therefore
conducted at a process-level in order to thoroughly assess the similarities and differences in the
production processes. A technical feasibility assessment is therefore useful at a process-level to
evaluate the scalability and optimization potential of specific processes.

1. Lastoskie, C.M.; Dai, Q. Comparative life cycle assessment of laminated and vacuum vapor-
deposited thin film solid-state batteries. Journal of Cleaner Production 2015, 91, 158-169,
doi:10.1016/j.jclepro.2014.12.003.

2. Takada, K. Progress and prospective of solid-state lithium batteries. Acta Materialia 2013, 61,
759-770, doi:10.1016/j.actamat.2012.10.034.

3. Schnell, J.; Ginther, T.; Knoche, T.; Vieider, C.; Kohler, L.; Just, A.; Keller, M.; Passerini, S.;
Reinhart, G. All-solid-state lithium-ion and lithium metal batteries — paving the way to large-
scale production. Journal of Power Sources 2018, 382, 160-175,
doi:10.1016/j.jpowsour.2018.02.062.

4. Troy, S.; Schreiber, A.; Reppert, T.; Gehrke, H.-G.; Finsterbusch, M.; Uhlenbruck, S.; Stenzel, P.
Life Cycle Assessment and resource analysis of all-solid-state batteries. Applied Energy 2016,
169, 757-767, doi:10.1016/j.apenergy.2016.02.064.
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A solid state lithium-metal anode battery development at QuantumScape

Yuki Katoh
QuantumScape, 1730 Technology Dr., San Jose, CA 95110, US

Metallic lithium is an attractive option of anode toward batteries of higher energy
density. QuantumScape’s approach to the metallic lithium is proprietary solid-state
separator and anodeless architecture with metallic lithium plated during charge cycles.
Its unique architecture is expected to offer high energy dense batteries combined with
the improved cycle life. The QuantumScape cell’s architecture and its performance will

be presented in the meeting.

In addition to the high energy density and cycling capabilities, QuantumScape’s cells
show the potential to overcome things those often discussed as challenges of solid-
state battery technologies yet quite important for applications. In the presentation, we
are also going to show the performance of QuantumScape cells from these

perspectives.
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Factorial Energy: Transformational Semi-Solid-State
Battery Technology

Raimund Koerver, Munich
Factorial Energy, 19 Presidential Way, Woburn, MA 01801

As vehicle electrification advances, the need for high-energy, high-power energy
storage solutions increases. Future lithium-ion batteries may not be able to meet these
requirements, especially since their energy density is limited by the given electrode
configuration, in particular by the graphite anode. On top of this, safety concerns arise
for such high energy systems, as the liquid, organic electrolyte is potentially flammable.
To counter such concerns, next generation batteries are intended to employ solid or
semi-solid electrolytes (SEs). Those novel electrolytes possess higher thermal
stability, thus increasing battery safety. At the same time, the use of lithium metal would
significantly increase the cell energy density, while simultaneously allow for fast

charging times. [1]

As the prerequisite technologies for the practical solid-state batteries (SSBs) are
reported and developed at a quicker pace, their commercialization looks very
promising. However, there are still problems to be solved when manufacturing at scale.
In general, SSBs using inorganic SEs are more difficult for mass production rather than
SSBs using polymer-based and/or semi-solid electrolytes. Factorial Energy is one of
the frontrunners in the field of semi-solid electrolytes. Due to the semi-solid nature of
the electrolyte, the cells have shown to perform well at ambient conditions unlike many
other solid-state batteries which require elevated temperature operation. The
successful demonstration of high performance semi-solid state batteries has allowed
Factorial Energy to enter into joint development programs with three major OEMs,
Mercedes Benz, Stellantis and Hyundai Motor Corporation. The deep collaboration is

expected to help to accelerate the commercialization of next generation batteries.

Literature:

[1] J. Janek, Wolfgang G. Zeier, Nature Energy. 1, 16141 (2016)
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All-solid-state sodium-ion batteries based on hydroborates
|. Bardenhagen, J. Thomas, F. Langer, J. Schwenzel
Julian Schwenzel, Fraunhofer Institute for Manufacturing Technology and Advanced
Materials IFAM, Wiener Stralle 12, 28359 Bremen

In the search of new electric storage technologies, sodium-ion batteries (SIBs) have
attracted huge interest due to the possibility to create high performance batteries
without scarce elements. However, the theoretical energy density of the liquid
electrolyte system is only around half of that of a lithium-ion battery. One way to tackle
this issue can be the application of a sodium metal anode. Similar to the lithium system

this seems to be possible only with a solid electrolyte.

Beside the, for the lithium system commonly investigated, classes of oxides, sulfides
and polymers another class of electrolytes have been identified. Hydroborates have
shown excellent ionic conductivities over 1 mS/cm at room temperature with a
electrochemical stability window of 0 — 3 V vs Na/Na* thus, making them perfect for the
usage of metallic sodium [1]. Moreover, they can easily be processed by dissolution

and precipitation, which allows for advanced processing techniques.

In this contribution, we are going to present the processing of all-solid-state SIBs based
on hydrobrates via screen-printing. This technique is especially suited for producing
customized cell sizes, while manufacturing the cells layer-by-layer. A glovebox system
consisting of three interconnected boxes for paste preparation, material printing and
cell assembly will be used to simulate an encapsulated process chain. We will show the
printing process of electrodes as well as separators and first morphological and

electrochemical results for these components.

[1] L. Duchéne, A. Remhof, H. Hagemann, C. Battaglia, Energy Storage Materials, 25,
2020, 782-794,
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Towards water-processable catholytes for solid-state batteries
E. Nazmutdinova, Munster/DE, [ Prof. Dr. A. Groschel, Miinster/DE, (@
Dr. N. M. Vargas-Barbosa, Miinster/DE!

[linternational Graduate School for Battery Chemistry, Characterization, Analysis,
Recycling and Application (BACCARA), University of MUnster, Corrensstralde 40, 48149
Minster, ®!Forschungszentrum Jilich, IEK-12: Helmholtz Institute Minster,
Corrensstralle 46, 48149 Munster

All-solid-state batteries (SSBs) with a lithium metal anode are a promising candidate
to surpass conventional lithium-ion batteries in numerous aspects.[1] NMC-based SSB
cathodes suffer from electromechanochemical degradation due to the
expansion/contraction of the cathode active material (CAM). Polymer binders are often
used to mitigate interparticle contact loss. However, this necessitates conductive
additives to maintain electronic conductivity increasing the volume of non-active
components in the catholyte.[2] A direct substitution of the inactive binder and the
conductive additive with a single polymer material, may result in catholytes that can
accommodate volume changes during cycling and provide sufficient electronic
conductivity.[3] Here, we demonstrate a novel, water-based synthesis of a composite
containing an electronically conductive polymer binder and lithium indium chloride
(LisInCls, LIC) as solid electrolyte. The developed synthesis provided homogeneous
coverage of the high-purity LIC particles with the conductive polymer binder as was
demonstrated by both SEM-EDX and Kelvin Probe Force Microscopy (KPFM)
measurements. This composite is later mixed with an NMC-based CAM. The
electrochemical performance of the catholyte composites was evaluated via partial
electron conductivity measurements and cycling in sulfidic SSB half-cells. We observe
that the partial electronic conductivity of the catholytes increases with increasing
polymer content. We expect that the latter has a positive impact on the long-term
cycling stability of the cells which showed promising initial performance (initial

discharge capacities of ca. 140 mAh/g for unoptimized NMC622 cells).

Literature: [1] J. Janek, Nat. Energy. 2016, 16141. [2] T. Li, Electrochem. En. Rev.
2020, 3, 43-80. [3] P.R. Das, J. Electrochem. Soc. 2015, 162, A674.
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Structure-Performance Relations in Solid Electrolytes and Solid-State Batteries

A. Latz, M. Clausnitzer, J. Dippell, T. Danner
German Aerospace Center at Helmholtz Institute Ulm, Helmholtzstrate 11, 89081 Ulm

Due to their potentially higher energy densities and advantages in safety, all solid-state
batteries (ASSBs) are being considered to replace conventional Li-ion batteries in a
number of applications. Different material classes are discussed in literature. E.g.
Oxide-type of materials promise higher stability and safety where thiophosphates
exhibit excellent ionic conduction. But in addition to the material properties, structural
features have a huge impact on the electrochemical performance. Internal interfaces
between grain boundaries, formation of secondary phases in grain boundaries as well
as structural properties of interfaces between electrolyte, active materials and current
collector can limit the achievable energy density. Grain boundaries and structural
defects within the solid electrolyte are obstacles for the flux of lithium ions and
electrons and thereby affect the transient potential landscape and space charges at
interfaces during the charging and discharging of the ASSB and may give rise to lithium
dendrite formation in grain boundaries [1] or nucleation in the bulk phase of the solid
electrolyte [2]. The complex interplay of microstructural features and performance are
difficult to explore in operando. In our presentation we demonstrate how detailed
microstructure resolved modeling and simulation may help to create a better
understanding of local electrochemical processes and to identify correlations between
macroscopic experimental results and the microscopic structural features of ASSBs
[3,4]. This correlations in turn can be utilized to develop simulation based optimization

strategies for all solid state batteries.

Literature:

[1] A. Sharafi, H. M. Meyer, J. Nanda, J. Wolfenstine, and J. Sakamoto, J. Power
Sources 302, 2016

[2] F. Han, A.S. Westover, J. Yue, X. Fan, F. Wang, M. Chi, D. N. Leonard, N. J.
Dudney, H. Wang and C. Wang Nat Energy 4, 2019

[3] T. Ates, A. Neumann, T. Danner, A. Latz, ..., S. Passerini. Advanced Science,
2105234 (2022).

[4] A. Neumann, S. Randau, .... A. Latz, A. ACS Applied Materials and Interfaces,

12(8), 9277-9291 (2020).
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Microstructure of Composite Cathodes for All-Solid-State Batteries:

Origins, Influences and Consequences

A.B., Anja Bielefeld, 35392 Giel3en, J.J., Jurgen Janek, 35392 Gielden

Center for Materials Research, Justus-Liebig-University, GieRen, Germany

Imagine a composite electrode as interwoven mazes for electrons and ions; two
mazes that interact with each other via lithium transfer. Sounds abstract?

In this talk, | want to invite you go on a trip into the microstructure of all-solid-state
batteries. We will tackle a couple of basic questions:

- What makes and changes a microstructure?
- Why do we have to care about it?
- Where do we go from here?

In contrast to conventional liquid electrolytes, inorganic solid electrolytes possess a
proper particle morphology, which implies that the latter cannot infiltrate pores and
we have to consider an additional component in the composite: Pores or voids.

These voids are reported to take around 15% of the electrode volume in pressed
cells [1,2], up to 40% [3] and down to 6% [4] for other manufacturing techniques.
As it is not straightforward to assess the influence of microstructure effects in
composite electrodes, we study the percolation of conduction paths [5], the efficacy
of ion conduction [6] and the charge behavior [7] mainly from the model/simulation
perspective. The microstructure models of different layouts feature cathode active
material, solid electrolyte, void space and partly also binder. These allow us to
develop a general understanding of the electrode design and identify trade-offs
between energy and power layouts and/or electronic and ionic conduction.

[11 W. Jiang, X. Zhu, R. Huang, S. Zhao, X. Fan, M. Ling, C. Liang, L. Wang, Adv. Energy Mater.
2022, 12, 2103473.

[2] P. Minnmann, L. Quillman, S. Burkhardt, F. H. Richter, J. Janek, J. Electrochem. Soc. 2021, 168,
040537.

[3] T. Ates, M. Keller, J. Kulisch, T. Adermann, S. Passerini, Energy Storage Mater. 2019, 17, 204—
210.

[4]1D. H. Kim, D. Y. Oh, K. H. Park, Y. E. Choi, Y. J. Nam, H. A. Lee, S.-M. Lee, Y. S. Jung, Nano Lett.
2017, 17, 3013- 3020.

[5] A. Bielefeld, D. A. Weber, J. Janek, J. Phys. Chem. C 2019, 123, 1626-1634.
[6] A. Bielefeld, D. A. Weber, J. Janek, ACS Appl. Mater. & Interfaces 2020, 12, 12821-12833.
[7] A. Bielefeld, D. A. Weber, R. Ruel}, V. Glavas, J. Janek, J. Electrochem. Soc. 2022, 169, 020539.
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Materials Chemistry Spaces for Halide Superionic Conductors for All-Solid-State

Batteries

Hiram Kwak, Juhyoun Park, Jong Seok Kim, Jun Pyo Son, Prof. Yoon Seok Jung

Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul,
03722, Republic of Korea

Owing to the potential of enhanced safety and energy density, all-solid-state batteries
(ASSBs) employing inorganic solid electrolytes (SEs) considered as a promising
alternative for lithium-ion batteries. Recently, halide SEs such as LisYCls are newly
emerging as the game changer because they are mechanically deformable, similarly to
sulfide SEs, and exhibit excellent electrochemical oxidation stability, unlike sulfide SEs.
However, most halide SEs developed thus far contain costly central metal elements,
such as Y, Sc, and In, with the only exception of Zr. Elemental substitutions have been
a common practice to tune the crystal structure and ionic conductivity of halide SEs.
Meanwhile, a poor cathodic stability of halide SEs prohibits their use for anodes such
as Li metal. In this regard, hybrid ASSBs using halide and sulfide SEs for cathodes and
SE membranes, respectively, would be practically reasonable. However, their
compatibility problem has been overlooked.

In this presentation, we report on our recent results of the designing new halide SEs
with enhanced ionic conductivity, electrochemical stability, and sulfide compatibility.

Also, results of ASSBs employing the developed SEs are discussed.

Literature:
[1] Hiram Kwak, et al., ACS Energy Lett. 2022, 7, 1776.
[2] Hiram Kwak, et al., Adv. Energy Mater. 2021, 11, 2003190.
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Electrode reactions with large volume expansion in solid-state batteries

Prof. Dr. Philipp Adelhelm, Humboldt-University Berlin and Helmholtz-Zentrum Berlin,

Berlin/Germany

The use of electrode reactions with large volume expansion in solid-state batteries
(SSBs) is believed to be very difficult as the unavoidable formation of stress and strain
can cause mechanical failure of the cell. Large volume expansion is inherent for high
capacity conversion reactions (typically > 300 mAh/g) which include also alloys such as
Li-Si of Li-In, the latter being frequently used for research purposes. Here, we discuss
examples on large volume expansion electrode reactions in SSBs. Examples will
include Li-In, Li/Na-MoSz, Li-Sn/Graphite and especially Li-CuS.

CuS shows some unique properties that make it an attractive cathode active material
(CAM) for Li-SSBs. Next to a high intrinsic mixed conductivity, CuS reacts with Li via a
unique conversion reaction mechanism that leads to macroscopic phase changes
during cycling. Next to cycling studies, the storage mechanism and mechanical
properties are discussed using 3D tomography. For the first time, a z-oriented
displacement of CAM particles during cycling is shown as well as pressure dependent

crack formation.

Related references

T. Palaniselvam et al. (2022): 10.1021/acs.jpcc.2c04024

A. L. Santhosha et al. (2019): 10.1002/batt.201800149, 10.1021/acs.jpcc.9b01816
A. L. Santosha et al. (2020): 10.1021/acs.jpcc.0c00387, 10.1002/aenm.202002394
Z. Zhang et al. (2022): under revision.
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Correlating electrochemistry, structure and morphology for a better

understanding of sulfide-based electrolyte

O. Thompson?, P. Perrenot® (CEA Grenoble, France), O. Korjus®, L. Trassart?, A.
Fauchier-Magnan?, E. Suard® (ILL, Grenoble France), F. Fauth® (Alba, Barcelona,
Spain), F. Alloin?, C. Villevieille? (LEPMI, Grenoble France)

All-solid-state batteries have been presented as the ideal solution [1] but still many
aspects regarding their chemical and mechanical issues remain unsolved especially
during electrochemical activities [2]. As an example, sintering (even cold sintering)
process is a key parameter that controls the lifetime of the batteries, the rate capability
etc. If it is not properly performed, the Li-ion conduction will not be optimal which could
create kinetics problem. If voids are present in the solid electrolyte pellet, then during
stress/strain, the voids could lead to fracture, hindering the ionic conductivity and
lowering the electrochemical performance during cycling.

In this work, we are proposing an in depth (operando and postmortem) multiscale
investigation of the electrolyte “shaping” and its consequence on the electrochemical
activity. As an example, in Figure 1, we can see the impact of 50 cycles on the
morphological/structural activities of LPSCI solid electrolyte collected by X-ray diffraction

coupled to computed tomography (XRD-CT) at synchrotron facilities.

Stainless steel LPSCI Li-In

Figure 1: Morphological & structural evolution of LPSCI after 50 cycles collected by XRD-

CT showing the extent of decomposition as a function of the electrode depth.

Literature:
[1]1 Q. Zhang, Adv. Mater. 31 2019,1-42. [2] L.R. Mangani, J. Mater. Chem. A. 2020.
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Understanding inorganic/organic interfacial charge transfer by identifying the
governing parameters of electrolyte/ceramic interface.

Léa R. Mangani, Grenoble/33, James A. Isaac, Didier Devaux, Renaud Bouchet.

PhD Léa Rose Mangani, Laboratoire électrochimie et physicochimie des matériaux et
des interfaces (LEPMI) 1130 Rue de la Piscine, 38402, Grenoble, France

Li-ion battery holds an everlasting role in energy storage for nomad devices, electric
vehicles as well as for grid energy storage. To date, Li-ion batteries are the most
advanced energy storage systems, but they are reaching their limitation in terms of
energy density and safety. New technologies are currently under development, and
among them, all-solid-state batteries should deliver better electrochemical performance
and enhanced safety. Solid polymer electrolytes (SPEs) provide suitable mechanical
properties, but suffer poor conductivity, whereas the ceramic electrolytes (CE) are
providing the opposite features.[1] Hybrid electrolytes should then combine high ionic
conductivity coupled to high mechanical stability. To date, this synergy is not yet
reached due to the complexity of the Li-ion transport especially at the SPE/CE
interface. Indeed, a decrease in the composite ionic conductivity is generally observed
and ascribed to the blocking interfacial resistance at the SPE/CE interface [2]. Yet,
there are no proper kinetic model to elucidate the parameters that could influence this
interfacial barrier nor a deeper understanding of its behaviour.

Herein, we propose an electrochemical methodology relying on electrochemical
impedance spectroscopy that allows to scrutinize electrolyte/ceramic interfaces. To
identify the governing parameters of each organic/inorganic interface, we vary some
parameters such as electrolyte chemistry, electrolyte concentration, lithium salt nature,
etc... The results of this thorough screening provide valuable insights about Li-ion
transport at the interfaces and thus, enable the design of an optimized hybrid

electrolytes for all-solid-state batteries.

Literature:

[1] Zhou, D., Shanmukaraj, D., Tkacheva, A., Armand, M. & Wang, G. Chem 5, 2326
2352 (2019).

[2] Isaac, J.A., Mangani, L.R., Devaux, D. and Bouchet, R., ACS A.M./ 14.11 (2022)
13158-13168.
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Characterization of the interfacial chemistry and Li-ion exchange processes in

ceramic—polymer composites by solid state NMR.

Juan Miguel Lépez del Amo, Vitora-Gasteiz /Spain’,

' Center for Cooperative Research on Alternative Energies (CIC energiGUNE), Basque
Research and Technology Alliance (BRTA), Parque Tecnoldgico de Alava, Albert Einstein 48,
01510 Vitoria-Gasteiz, Spain.

Composite polymer electrolytes (CPEs) ideally benefit from the high ionic conductivity
of the ceramic phase and the and processability and mechanical properties of polymer
materials. A crucial question for the development of such composite membranes is the
detection and quantification of the Li-ion exchange processes existing at the interface
between the polymer and ceramic particles. We will show in this work how
multidimensional solid-state NMR experiments conducted in our laboratory, can
unequivocally determine the presence and quantify the rate of Li-ion exchange
processes in a PEO:LITFSI-LLZO composite material. [1] Furthermore, the results
obtained provide an insight into the possible Li* migration pathways and the presence
and influence of secondary phases present at the polymer-ceramic interphase.

The results obtained in this work illustrate the suitability of solid-state NMR for the
characterization and rational design of interfacial Li-ion exchange properties in next

generation polymer—ceramic composite materials.
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Figure: a) 5Li-Li EXSY spectrum of a PEO:LITFSI-LLZO composite, b) schematic representation of Li exchange [1]
Literature:

[1] Pierre Ranque, Jakub Zagoérski, Shanmukaraj Devaraj, Frédéric Aguesse, Juan Miguel
Lopez del Amo, Journal of Materials Chemistry A 2021, 9(33), 17812-17820.
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Cost-efficient Na* halide solid electrolyte using earth-abundant

metal elements for all-solid-state Na-ion batteries

Juhyoun Park’, Jun Pyo Son’, Hiram Kwak?', Yeji Choi', and Yoon Seok Jung’*

' Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul
03722, South Korea
'E-mail of the Corresponding Author: yoonsjung@yonsei.ac.kr

All-solid-state Na-ion batteries (ASNBs) using inorganic solid electrolytes (SEs) have
attracted much interest owing to their combined potential advantages of improved
safety and cost, compared to conventional lithium-ion batteries with flammable liquid
electrolyte. Sulfide Na* SEs are highly attractive because they can be easily
integrated into ASNB cells by simple cold-pressing-based fabrication. Thus far,
several novel sulfide Na® SE materials, such as NasxSb1xWxS4, have been reported.
However, sulfide SEs are defective in operating high-voltage batteries due to their
electrochemical instability over 3 V region (vs. Na/Na*), which thus hinders achieving
high energy density of ASNBs. To alleviate this shortcoming, Na* halide SEs for high-
voltage ASNB cells have been investigated. However, the number of the
experimental reports is only a few: Na2ZrCls, NasxEr1xZrxCls, and NasxY 1xZrxCls. In
addition, the use of rare earth metal elements, such as Er and Y, offsets the
advantage of the use of the low-cost Na in ASNBs.

In this presentation, our recent results on the development of new Na*-conducting
halide SEs with earth-abundant and cost-effective elements and their application to 3

V class all-solid-state batteries will be presented.
[1] Hiram Kwak, et al., Energy Storage Materials, 37, 47-54 (2021).

[2] Hiram Kwak, et al., ACS Energy letters, 7, 1776-1805 (2022).
[3] Juhyoun Park, et al., ACS Energy letters, 7, 3293-3301 (2022).
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Tuning halide solid electrolytes - synthesis, aliovalent doping and
halogen substitution shed light into structure to property

relationships

E. van der Maas, Delft/NL

S. Ganapathy, , Delft/NL

M. Wagemaker, Delft/NL

E. van der Maas, Reactor institute Delft, Mekelweg 15, 2629 Delft

Halide solid electrolytes with formula LisM(I11)Xs (M(lll) = In, Sc, Y, Lanthanides, X =
Cl, Br, U) are fast ionic conductors that can be used as solid electrolytes for all-solid
state batteries (ASSB). Especially chlorides have demonstrated excellent
performance in ASSB cycled with uncoated NCMs, demonstrating their compatibility
against high voltage cathodes. Due to these promising results, it is interesting to
learn about the structure to property relationship so that guidelines can be created for

optimal material design.

We have found that for LisM(III)Cls (M=Dy, Y, Ho, Er), small lithium deficiency during
the synthesis leads to a trigonal to orthorhombic phase transition, improving the ionic

conductivity by about one order of magnitude.

Investigating aliovalent substitution in monoclinic LisxIn1-xZrxCls, the ionic conductivity
is maximum at 30% Zr, indicating that the introduction of Li-vacancies aids diffusion.
Structural analysis based on neutron diffraction only is tricky due to site co-
occupancy of elements with opposite sign scattering length. Solid-state NMR
measurements show multiple jump processes in the pristine material, which paired

with the model of the crystal structure confirms anisotropy of the diffusion.

Halogen substitution in LisYBrxClex reveal a trade-off between ionic conductivity and
electrochemical stability, as the larger Br opens up the Li-ion paths but is more prone

to oxidize.

Finally, an LisYls was synthesized and the structure characterized by neutron
diffraction and single crystal x-ray diffraction. The Li-ion dynamics is characterized on

multiple length scales using AC-impedance and a variety of NMR measurements.
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Elucidating the redox processes of lithium thiophosphate solid electrolytes by

X-ray spectroscopic techniques

Valerie Siller', Carlos A. F. Vaz?2, Camelia Borca?, Thomas Huthwelker?, Mario El Kazzi'

'Electrochemistry Laboratory, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
2Swiss Light Source, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

Besides the huge advantages all-solid-state batteries (ASSBs) potentially bear in terms
of safety, energy and power density, shortcomings arise especially from their multitude
of rigid/instable interfaces and internal resistances, known to be crucial bottlenecks for
the cycling performance. Between the solid electrolyte (SE) and the high voltage cathode
active material (CAM) or Li metal anode, the interface commonly suffers from (electro-)
chemical instabilities, space charge layer formation and elemental inter-diffusion, in
addition to volume changes inducing strain and contact loss.

Motivated by the high importance of understanding the redox-processes mechanism of
the lithium thiophosphate SEs [e.g. Li2S-P2Ss (LPS) and LisPSsCl (LPSCI)], we
performed a systematic study using cyclic voltammetry, impedance spectroscopy, ex-
situ/operando X-ray photoemission (XPS) and X-ray absorption spectroscopy (XAS). The
SEs are mixed with conductive carbon to increase their interface surface area and cycled
either in high or low voltage ranges to mimic the operating cycling voltages of the cathode
and anode materials respectively.

We present the evolution during electrochemical cycling of the XPS S2p and P2p core
levels, as well as XAS spectra at the S and P L- and K-edges. This combination of
advanced surface and near surface analysis is capable of monitoring the dynamic
changes in the chemical bonding and the electronic states, with additional depth-profiling

for a multitude of redox reactions at the SE/conductive carbon interface.[1, 2]

Literature:

1. Wu, X., et al., Reactivity and Potential Profile across the Electrochemical LiCoO2-
Li3PS4 Interface Probed by Operando X-ray Photoelectron Spectroscopy. ACS
Appl Mater Interfaces, 2021. 13(36): p. 42670-42681.

2. Mirolo, M., et al., Unveiling the Complex Redox Reactions of SnO2 in Li-lon

Batteries Using Operando X-ray Photoelectron Spectroscopy and In Situ X-ray
Absorption Spectroscopy. ACS Appl Mater Interfaces, 2021. 13(2): p. 2547-2557.
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Concentration and Velocity Profiles in a Polymeric Li-ion Battery Electrolyte

H.-G. Steinrtck, Paderborn/GER, C. J. Takacs, Stanford/USA, H.-K. Kim, Lemont/USA,
D. M. Mackanic, Stanford/USA, B. Holladay, San Diego/USA, C. Cao, Upton/USA, S.
Narayanan, Lemont/USA, E. M. Dufresne, Lemont/USA, Y. Chushkin, Grenoble/FRA,

B. Ruta, Grenoble/FRA, F. Zontone, Grenoble/FRA, J. Will, Erlangen/GER, O. Borodin,
Adelphi/USA, S. K. Sinha, San Diego/USA, V. Srinivasan, Lemont/USA, M. F. Toney,

Boulder/USA,
Jun.-Prof. Dr. H.-G. Steinruck, Paderborn Univ., Warburger Str. 100, 33098 Paderborn

Predictive understanding of charge and mass transport in electrolytes is at the heart of
electrochemistry. The goal is to accurately simulate the performance of an
electrochemical cell. For this purpose, the concentration-dependent transport
coefficients of the electrolyte must be known. These include the transference number,
which is an important metric to energy and power density of batteries. Nevertheless,

researchers still argue about transference number values, even in baseline electrolytes.

We developed an alternative approach towards determining transport coefficients [1].
Specifically, we measured microscopic and macroscopic physical properties of
electrolytes upon cell polarization in Li/electrolyte/Li cells, combined this with
concentrated solution theory continuum modelling, and rationalized our findings with
microscopic insight from MD simulations. We utilized a well-studied benchmark model
system electrolyte consisting of LiTFSI and PEO. Under constant voltage polarization,
we directly measured the velocity associated with electrolyte and ions via heterodyne
synchrotron X-ray photon correlation spectroscopy (XPCS), and the TFSI-concentration
gradient via X-ray absorption microscopy. The significance of our results lies in the
unification of microscopic and macroscopic predictions from simulation with
experimental measurements as well as the self-consistent determination of a

concentration-independent transference numbers of approximately 0.2.

Literature:
[1] H.-G. Steinruck et al., Energy Environ. Sci. 13, 4312-4321 (2020).
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Probing the interfacial dynamics of polymer electrolyte-based SSBs
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Understanding the underlying interplay at the electrode-electrolyte interface is crucial to
improve the performance of batteries but has been challenging, especially for solid-state
batteries (SSBs), whose interfaces are buried and inaccessible for many probes. [1] Here
we highlight the importance of advanced characterization for probing the interfacial
dynamics of SSBs. Specifically, (i) cryogenic electron microscopy, such as FIB/SEM &
cryo-TEM [2-3], has emerged as a powerful tool to ex situ visualize sensitive Li and
interfaces. (ii) Operando & in situ X-ray spectroscopy (e.g., XPS & XAS) and microscopy
(e.g., XCT) are useful for monitoring the dynamic evolution of interfaces in SSBs during
operation. We have been developing these methods to study the real-time evolution of
interfacial chemistry between PEO-based polymer electrolytes and metal sulfide (MnS2)

cathode (Fig. 1a & 1b)) and the morphological evolution of Li metal anode in SSBs. [4]
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Fig. 1. (a-b) Operando XPS & XAS and (c) in situ XCT for interface monitoring of SSBs.

Li plating & stripping

Literature:
[11Y. Xu, et al., Adv. Energy Mater. 2022, 12, 2200398. [2] K. Dong, et al., ACS Energy
Lett. 2021, 6, 1719. [3] R. Lin, et al., Nat. Nanotechnol. 2022, 17, 768. [4] Unpublished.
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In-Situ Transmission Electron Microscopy Heating Experiments of LiNiO-

Particles in Oz Atmosphere
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Thomas Demuth, Philipps-Universitat Marburg, Hans Meerwein Strasse 6, 35032 Marburg,
Germany

Nickel rich layered transition metal oxides Li(Ni1-xyCoxMny)O2 (NCM) and Li(Nit-x-yCoxAly)O2
(NCA) are the state-of-the-art cathode active materials (CAMs) for lithium-ion batteries, which
deliver specific capacities of more than 190 mAh g [1]. Research suggests that an annealing
step at elevated temperatures can optimize the surface morphology and structure of the Ni rich
particles leading to an improved electrochemical performance of the CAM [2]. This annealing
process is executed in an oxygen atmosphere to prevent oxygen loss from the grains [3]. Our
goal is to investigate this annealing step on a structural level using transmission electron

microscopy (TEM) techniques.

Here, we report on our investigation of LiNiO2 (LNO) as a model system for transition metal
layered oxides during annealing in an oxygen atmosphere. Firstly, we present the elaborate
sample preparation procedure by focused ion beam (FIB) milling which is required to prepare an
electron transparent specimen on the heating chip of the in-situ holder, as well as the custom-
built oxygen set-up. Moreover, we show in-situ high angle annular darkfield (HAADF) scanning
transmission electron microscopy (STEM) images recorded during as well as electron energy
loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy (EDX) data of the particles

recorded after the heating process.

References:
[1] de Biasi, L. et al. Adv. Mater. 31 (2019).

[2] Huang, B. et al. Solid State lon. 345 (2020).
[3] Karki, K. et al. ACS Appl. Mater. Interfaces 8 (2016).
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In-situ TEM observation of Na-filament formation in oxide electrolyte
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All-solid-state batteries (ASSBs) based on solid-state electrolytes are projected to overcome
the performance and the safety limitations of liquid electrolytes counterparts. Unlike the
sulfide or polymer based solid electrolytes, it is widely accepted that the polycrystalline
microstructure of Li oxide electrolytes plays an essential role on the Li-ion migration. For
instance, the grain boundaries (GBs) are one of the non-negligible factors that decrease the
overall ionic conductivity. As the commercialized electrolyte for high-temperature Na-S
batteries, Na-beta”-alumina ceramic is still an excellent candidate for room temperature
ASSBs. Differing from most Li oxide solid-state electrolytes, Na-beta’”-alumina possessed 2D
Na-ion transport path due to its layer structure. Therefore, by the microstructural impact on
the Na-ion transport and potentially Na-filament growth within electrolyte the GBs should not
be the only considered factor, but also the orientations of the grains play an essential role on
the local current density. Moreover, it’s still unclear how the anisotropic Na-ion transport
suffers from the grain boundaries. Hence, the comprehensive understanding of the effect of
the crystallographic structure on the Na-ion migration was explored in this work through in-
situ biasing TEM characterization.

With the purpose of getting access to the GBs of Na-beta”’-alumina ceramic electrolyte (from
lonotec Ltd) in TEM, focus ion beam (FIB) (FEI Strata 400 S) is used on the ceramic pellet.
Afterwards, the FIB specimen was assembled into STM-TEM holder (from ZepTools™) with W
tip for in-situ bias experiment in TEM column to pump the Na-ion migration.

Initial experiments focused on Na-beta’”-alumina solid electrolyte under high in-situ biasing
voltage up to £15V. The initial high voltage helps overcome the diffusion barrier at GBs and
promotes the mobility of Na ions. During the biasing, Na segregation around certain GB was
visualized in real-time. Through 4D-STEM and automated crystal orientation map (ACOM)
analysis, the orientations and the GBs information were obtained. It was found that Na
filament always start growing at the GB of the two adjacent grains with special orientation
relationship, which is in good agreement with the anisotropic 2D pathways for ion migration
in Na-beta”-alumina.
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Methods from machine learning for the structural analysis of
Li-ion electrode particles
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Microscopy techniques like scanning electron microscopy (SEM) or X-ray computed
tomography (CT) can provide detailed image data of electrode particle
microstructures. Followed by a quantitative structural characterization such data
allows for the investigation of structure-function relationships, e.g., the influence of an
electrode particle’s microstructure on its electrochemical behavior. However, for the
structural characterization by means of image data nontrivial processing tasks are
often necessary. In this talk several applications of machine learning methods and
stochastic geometry are shown for the structural characterization of particles in
lithium-ion battery electrodes imaged by SEM, CT and focused ion beam (FIB) -
electron backscatter diffraction (EBSD). In the first application, a generative
adversarial network (GAN) is deployed to perform super-resolution on SEM-images
of cycled cathode particles such that fine features like cracks within particles can be
more reliably characterized to investigate the state of degradation [1]. The second
application shows how convolutional neural networks can be used to achieve a grain-
wise segmentation of FIB-EBSD data of polycrystalline electrode particles [2]. The
third application deals with the structural multi-scale modeling of cathode particles to
overcome limitations of different imaging techniques [3]. Therefore, a stochastic
geometry model is calibrated using CT data depicting the outer shell of cathode
particles and FIB-EBSD data of the grain architecture of a cathode particle. Then, the
model can be used to perform structural scenario analyses, i.e., to generate
arbitrarily many digital twins with statistically similar shape and grain architecture as
the particles observed in the image data. These digital twins are used as input for

numerical charge simulations to investigate their degradation behavior [4].

Literature:
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and ex-situ solid-state NMR
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For the past few years, sodium/sodium-ion batteries have become more and more
attractive as alternative to lithium-ion batteries. Due to the high abundance of sodium in
earth crust, its better availability compared to lithium and thus lower costs,
sodium/sodium-ion batteries have the potential to be suitable for environmentally
friendly energy storage technology in future. [1,2] Although, at first glance sodium and
lithium are similar, there are significant differences in their physico-chemical properties,
necessitating different materials i.e. electrodes and electrolytes etc. whose interplay
has to be understood to make sodium/sodium-ion batteries available for the market.
This goes in hand with a deeper analysis of structural changes in electrochemical cells
that have to be characterized preferable under in-situ conditions. The presentation will
introduce the use of 2Na in-situ solid-state NMR as powerful tool to investigate local
structural changes occurring during charging and discharging processes in
sodium/sodium-ion cells. As an example, the in-situ NMR characterization of an
electrochemical cell consisting of polymer-derived silicon carbonitride ceramic (SiCN)
as a working electrode and sodium metal as a counter electrode is presented. After
disassembling the cell, the sodium storage in SiCN material is investigated by 2Na ex-
situ MAS NMR at high spinning frequencies and different magnetic fields to obtain

higher resolution.[3]

Literature:

[1] P. M. Bayley, N. M. Trease, C. P. Grey, J. Am. Chem. Soc. 2016, 138, 1955-1961.
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[3] E. Si¢, M. Melzi d’Eril, K. Schutjajew, M. J. Graczyk-Zajac, H. Breitzke, R. Riedel, M.
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solid state electrolytes by Electrochemical Strain Microscopy
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Solid State Batteries require a detailed knowledge of surface and interfacial reactions at
a process relevant scale as key for developing materials with advanced functionality.
Atomic Force Microscopy (AFM) is an ideal tool for such investigations because of its
ability to work in numerous environments with high spatial resolution. Lithium Aluminum
Titanium Phosphate, Li1.3Alo3Ti1.7(POa4)s, is a typical representative of a solid state
electrolyte with NASICON type structure, exhibiting superior lithium ion conductivity. The
appearance of secondary phases of aluminum phosphate under certain manufacturing
conditions demonstrate the need for understanding the correlation of lithium ion mobility
and microstructure. Furthermore, new challenges arise in optimizing interfacial

processes in hybrid electrolyte systems.

Electrochemical Strain Microscopy (ESM), an advanced Atomic Force Microscopy mode,
is employed to investigate the influence of the microstructure in LATP. A clear contrast
between LATP and the secondary phase is observed, exhibiting a significantly reduced
Li-ion mobility in secondary phase areas. In order to correlate chemical information with
the ESM signal, Energy-Dispersive X-ray Spectroscopy (EDX) is utilized in a correlative
approach. [1] ESM has also been successfully applied to investigate the ionic
conductivity at the interface between polymer and ceramic in a hybrid electrolyte. [2]
Clear interfacial effects between polymer and ceramic particles are observed and
critically discussed. In a short outlook, applications of ESM for investigating cathode

materials for solid state batteries are introduced. [3]

Literature:

[1]1 N. Schén et al., Beilstein J. Nanotechnology 2018, 9, 1564. [2] P. Veelken et al.,
Nanomaterials 2022, 12, 654. [3] A. Jetybayeva et al., ACS Applied Energy Materials
2022, 5, 1731.
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solid-state batteries
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Solid-state batteries using thiophosphate solid electrolytes are a promising
candidate for future lithium battery technologies. Thiophosphate solid electrolytes (SE)
offer high ionic conductivities while at the same time providing good mechanical
properties which facilitates manufacturing of these cells. These solid electrolytes,
however, are thermodynamically unstable against commonly used cathode active
materials (CAM) such as Li1xNiaCobMn1-a-602 (NCM). Oxidation of the solid electrolyte
occurs forming various products detrimental to the cell’'s performance. However,
detailed understanding and quantification of these processes and degradation
products is challenging and remains unclear to many researchers in the field.
Developing optimal combinations of CAM and SE combinations requires both good
understanding of degradation processes and mechanisms as well as good analytical
procedures to quantify them.

Here, we present a series of complementary analytical techniques suited for fast
evaluation of CAM/SE combinations. By combining both state-of-the-art
electrochemical methods and post-mortem analytical techniques helps quickly
analysing different combinations of CAM and SE.

Electrochemical testing is done using a reference electrode (u-RE) to only show
cathode side contributions in impedance. Rate tests are performed with a u-RE as well
to evaluate the true rate capability of the system under investigation without detrimental
influence from the anode. Post-mortem analysis quantifies the amount and kind of
degradation present in the sample after cycling using time-of-flight secondary ion mass
spectrometry (ToF-SIMS). To avoid the influence of the current collector and to avoid

the need for sputtering a modified current collector was used for this purpose.
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Stability and surface modification of LLZTO thin film
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Since the commercialization of rechargeable lithium-ion batteries, it was desired to
boost the battery capacity by using a lithium metal anode. It was quickly realized
that dendrites are formed through the liquid electrolytes, leading to a short circuit.
Murugan et al. proposed a garnet-type LizLasZr2012 (LLZO) solid electrolyte with
stability against lithium to circumvent dendrite formation [1]. By using the novel CO2-
laser assisted CVD technique with highly controlled thin film growth, superior phase
stability and ionic conductivity of garnet-type LisLasTa2012 (LLTaO) compared to LA-
CVD grown LLZO, was obtained [2]. Additionally, with surface science experiments
performed in our group, it has been demonstrated that LLTaO shows high stability
against lithium under equilibrium conditions [3].

One of the intrinsic problems of LLZO and Li7zxLasZr2xTaxO12 (LLZTO) is a high
reactivity towards traces of water and COz resulting in the formation of Li2CO3 and
the surface passivation. In this work, LiF film as a protective layer is deposited onto
LLZTO by using RF-magnetron sputtering technique. The LiF layer prevents the
formation of Li2CO3 on the LLZTO surface under ambient air [4]. In upcoming
research, it is envisaged to increase the ionic conductivity via aluminum and gallium
doping. An anode-free all-solid-state thin-film battery can be prepared via the
deposition of cathode materials on top of the solid electrolyte by using RF-
sputtering. The chemical composition and electronic properties of the components
of the battery cell as well as the interfacial properties can be studied by in situ

photoelectron spectroscopy.
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A method for visualizing Li distribution in solid-state batteries by

Plasma FIB-SEM, EDS, and SIMS
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The all-solid-state battery (ASSB) is a strong candidate for solving safety concerns and
surpassing lithium-ion battery performance in various applications. However, there is
a key challenge of slow transport of Li-ions in the solid phase. Direct visualisation of
the Li-ions dynamic provides new insight for understanding Li-ions transportation. But
this presents a daunting problem.

In this talk, we report a method to directly map all elements, including Li, on an ASSB
electrode cross-sectional face (~ 20 ym area of interest, Aol). As a validation, we then
applied this technology on a commercially available ASSB over a large area (~ 200 um
Aol). A Dual-Beam Xe* plasma-focused ion beam (PFIB/SEM) with an inert
atmosphere sample transfer capability was used for sectioning and polishing up to a
sub-millimetre scale. Energy Dispersive X-ray Spectroscopy (EDS) was for mapping
non-lithium elements at a high resolution. Secondary-lon Mass Spectrometry (SIMS)
was used for direct detection and mapping of Li at a similar spatial resolution. We have
generated new correlative workflow protocols to combine milling and data capture from
both EDS and SIMS detectors. New algorithms and image manipulation protocols were
developed to merge and correlate SIMS and EDS datasets. We then reconstructed the
structures of sample electrodes at multiscale through the use of these 2D and 3D
correlative tomography protocols.

This method could be key to answering unsolved questions in lithium-related

electrochemistry in ASSB. Progress to date, advantages, restrictions, possible future

Applications
1) Lab made ASSB 2) Commercially available ASSB

uses, and likely next
developments of this analytical

strategy will also be described.

1 Department of Materials, University of
Oxford, Oxford, United Kingdom.
2The Faraday Institution, Didcot, UK
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Composite Cathodes for Solid-State Batteries
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Oxide solid-state batteries (0x-SSB) are characterized by high safety and extended
temperature range compared to conventional batteries. Oxide solid electrolytes (SE)
achieve high ionic conductivities by sintering at high temperature T > 1000 °C. In
composite cathodes, the SE must form a percolating, ion-conducting network around
the cathode active material (CAM). High sintering temperatures of conventional
sintering cause undesirable reactions between the materials [1,2], which limits the ionic
conductivity of the SE and Li* intercalation of the CAM. This results in both potential
lower energy density and rate capability of ox-SSB.

Cold sintering is an emerging method of ox-SSB materials preparation. Using high
pressure (p ~ 500-600 MPa), liquid additives and reduced sintering temperature
T <200 °C enable SEs with ionic conductivities of 10° S/cm [3]. Post-annealing is
required to obtain the same values as in case of conventionally sintered materials. In
composite cathodes the lower temperature is expected to result in less decomposition
reactions between CAM und SE.

In the presented study, the sintering behavior of all-phosphate composite cathodes
based on Li13Alo3Ti1.7(PO4)s and LiFePOs is investigated. Comparative analyses of
conventional co- and cold-sintered composite cathodes are made. The decomposition
during sintering and thermal post-treatment is characterized by X-ray powder diffraction
and the microstructure of the composite cathodes is analyzed with secondary electron
microscopy. The electrochemical properties are investigated in half cells by infiltration

the sintered cathodes by liquid electrolyte or polyethylene oxide.
[1] J. Beaupain et al., ACS Appl. Mater. Interfaces, 2021, 13, 40, 47488—-47498.

[2] M. Malaki, ACS Appl. Energy Mater. 2022, 5, 4, 4651-4663. [3] M. Vinnichenko
et al., Nanomaterials, 2022, 12, 3178.
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Polymer electrolytes are inherently safer than classical liquid electrolytes due to their
non-volatile properties and high viscosity that prevents leakage upon mechanical
abuse. While commercial battery designs based on PEO have operating
temperatures above 60 °C, this work demonstrated operating temperatures of 40 °C
based on tailor-made polycaprolactone electrolytes. These electrolytes are

considered biodegradable, affordable and are straightforward to produce. [1]

Cells with thin polycaprolactone separators yield decreased internal resistances and
improved energy density, where higher cathode capacities were realized upon
addition of flowable components. This approach was particularly successful in case
of capro-lactone oligomers, realizing NMCG622||Li cells with cathode mass loadings of
6 mg/cm? (coated NMC622) with discharge capacities >150 mAh/g.

Aspects of manufacture and processing including the thin matrix-supported
electrolytes and composite cathodes as well as opportunities of the introduced cell

designs are highlighted.

[1] Y.-H. Chen, Y.-C. Hsieh, K. L. Liu, L. Wichmann, J. H. Thienenkamp, A.
Choudhary, D. Bedrov, M. Winter, G. Brunklaus, Macromol. Rapid Commun.
2022, 2200335.
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Development of a zero excess Li-S battery containing an inorganic
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To prevent the catastrophic effects of climate change, there is a large demand to
produce batteries and energy storage devices offering both improved volumetric and
gravimetric energy densities. One promising candidate is the lithium-sulfur (Li-S)
chemistry due to the high theoretical capacity and abundance of sulfur. However,
current designs require a 1000% excess of Li metal which impedes their
commercialisation. An area gaining momentum is the development of “anode-free” or
zero excess lithium (ZEL) cells which minimise inactive materials and mitigate the
challenges of handling Li metal foils during fabrication. However, there are limited

systematic studies concerning ZEL Li-S cell fabrication and optimisation.

Here, we present the development of a ZEL cell comprised of a Li2S composite positive
electrode, metallic foil current collector and non-aqueous electrolyte. We investigate
the effects of electrolytevoume:sulfurmg (ES) ratio, various current collector materials and
positive electrode substrates. The optimised cell achieves good capacity retention with
a Coulombic efficiency of over 98% after 50 cycles, and a final capacity of 360 mAh g
1. Significant capacity decay is observed in the first five cycles and is attributed to Li
loss during plating/stripping at the negative current collector. Initial work applying an
ion-conductive protective layer to metal current collectors with the aim to improve
capacity retention will be shown. Furthermore, directions towards ZEL Li-metal and all-

solid-state cells will be discussed.
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for lithium batteries
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Tape casting is a promising technique not only for scalable and low-cost production of
ceramic sheets, but also for optimizing their properties such as microstructure, ionic
conductivity and stability [1]. Recently we achieved an excellent area-specific storage
capacity above 3 mAh cm2 over 30 cycles in a Li battery cell based on a tape-cast
composite cathode LiFePOu4/Li15Alo5Ti15(PO4)s (LFP-LATP) with approximately 100
pm thickness in combination with polymer electrolyte [2]. It is also shown that
densification, ionic conductivity and sintering temperature of LATP could be optimized
with a sintering aid of Li2WO4 (LWO) [3].

Here we present a tape-cast LFP-LATP composite cathode on the one hand with
optimized surface by addition of 5 wt% LWO and on the other hand optimized
percolation of components with higher conductivity by changing the ratio of the solid
phases. Tape-cast and co-sintered composite cathodes LFP-LATP with mass ratio of
40:60, 50:50 and 60:40 were fabricated with approx. 100 ym thickness. By adding 5
wt% LWO, the sintering temperature of the composite could be lowered from 800°C
down to 700°C. The sintered materials were characterized by XRD, TEM, and XPS.
Electrochemical cell tests were performed using both liquid and PEO-polymer
electrolytes. The electronic conductivity of this composite cathode is achieved by
conducting carbon, which formed in-situ during the sintering process. The degree of

carbonization was analyzed by Raman spectroscopy.
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The concept of Lithium-sulfur (Li-S) batteries is considered as next-generation battery
technology beyond lithium-ion batteries due to the high specific capacity of sulfur and
low production cost. Despite years of research and improvement, LiS batteries with
liquid electrolytes still suffer from low cycle life and continuous loss of capacity due to
the polysulfide shuttle. The concept of all-solid-state batteries demonstrate a promising

alternative to overcome the fundamental problems caused by soluble sulfur species.

In this study, we focused on the investigation of carbon composite cathodes and the
transfer to prototype cell concepts. The results to date show, that the interfaces
between carbon material, sulfur and solid electrolyte depend very strongly on the
carbon morphology (porosity, particle size) and on the processing (type of sulfur
infiltration or processing of the cathode composite). A specific capacity of >1600 mAh/g
(sulfur mass) has already been achieved at different cathode compositions and
loadings in small scale prototype cells. The high sulfur utilization above 95 % is very
promising. Hence, the investigation of the cathodes in large-scale prototype cells under

realistic conditions is crucial.

In order to assemble free standing cathodes, the approach of sulfur/carbon solid
electrolyte dry films with low binder content was successfully demonstrated, showing
the same performance as a powder cathode without binder. In further steps, the free
standing cathodes have to be combined with the other cell components (e.g. thin
separator layers) into realistic pouch cell concepts. By combining these materials and
process innovations in multi-layer demonstrator cells, this cell technology is to be

transferred from basic research to the first application-oriented prototypes.

This work has received funding from the Federal Ministry of Education and Research
(BMBF), support code SoLiS (FK: 03XP0395).
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Fabrication of thin-garnet electrolytes using pulse laser deposition

for solid-state Li-metal batteries

Hana Terefe Gobena?, Kun Joong Kim?, Martin Finsterbusch®, Dina Fattakhova-
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aDepartment of chemistry, Technical University of Munich, PForschungszentrum
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Oxide-based electrolytes like lithium lanthanum zirconium oxide (LLZO) are promising
material candidates for use in Li-metal batteries due to their high electrochemical and
mechanical stability, as well as their high ionic conductivity. Despite their promise
recent reports clearly show a lack in reducing the thickness in processing to similar
ones of polymer-based electrolytes in the range of 10 microns. A shift from an
electrolyte-supported to a cathode-supported cell design with the solid electrolyte as
the thin film is proposed to further improve energy density. Through this work, we
investigate solid electrolytes LissLasZr2Taos012 in thin film form using pulsed laser
deposition (PLD) and its integration on 80 um-thick cathode composites. The latter
cathode composites consist of a mixture and are graded in their content of LiCoO2 and
(Ta, Al)-doped LLZO phases to assure high energy density in performance. We
demonstrate for the first time that rather thick 2.5 ym LLZO films are directly deposited
on cathode composite. The LLZO film reveals the desired high conducting cubic phase
without any secondary phase formation as determined by Raman and XRD
techniques. Collectively, the first step toward cell fabrication is made by providing
cathode composite tape/LLZO thick films maximizing the active electrode over the
electrolyte volume. Compared to earlier efforts in the field it provides the opportunity to
have combined solid/solid cathode/electrolyte architectures based on film/tape instead

of tape/tape or other pellet approaches.
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CIDETEC, Basque Research and Technology Alliance (BRTA),

Paseo de Miramén, 196, 20014 Donostia-San Sebastian, Spain

In recent times, anode-free batteries (AFB) have attracted increasing interest due to the
elimination of a conventional negative electrode material from the cell, exploiting lithium
inventory from a lithiated cathode. Such configuration implies a much simpler, cost-
effective, and more sustainable approach, helping to overcome the main weak points of
the solid state battery (SSB) technology: the high cost and sustainability issues due to

the use of highly reactive and expensive Li metal foil anodes.

In this work, surface modifications of the selected copper current collector (CC) have
been performed by coating using composite layers, made of carbon and different metal
nanoparticles. The impact of different coatings on the electrochemical performance of
single layer solid-state anode free pouch cells (SS AFB, nominal capacity of ca. 30
mAh) based on a PEO electrolyte and LiFePOs cathode, has been systematically
studied. With the best tested coating, composite layer containing Ag nanoparticles and
carbon black in a 1:3 wt. ratio, the initial discharge capacity is doubled respect to bare

CC, and the cells exhibit a coulombic

150 B 100 efficiency above 99% after 50 cycles (Fig. 1).
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Figure 1. Discharge capacity and Coulombic

efficiency of pouch-type SS AFB, using 15 pm

coatings on anode CC, made with different metals p . .
nanoparticles and carbon black. LFP cathode with [1] O. Garcia-Calvo et al. Frontiers in

loading 0,6 mAh-cm2. Cycling conditions: 60°C, 1 .
N-m, DoD 100%, 2.5-3.8 V, 0.1C-0.1C. Chemistry, 2022, 10, 934365
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Solid-state lithium metal battery has a huge potential to be a more energy-dense

architecture, safety and fast charging capability relative to a current lithium-ion battery.

In particular, the cell interface made of oxide-based electrolyte and cathode is believed
to withstand more tightly than any other ‘soft’ solid electrolytes (polymer, sulfide

electrolytes) once optimized.

Sintering at high temperature is generally required to produce dense interfaces for
oxide-based electrochemical devices; however, the poor chemical compatibility of the
oxide electrolyte with common cathode active materials limits a wide range of material

choice, processing and microstructure-performance relationship.

Here, potential processing strategies to fabricate oxide-based cathode composite are
presented based on an infiltration of LiCoOz2 active material and LizLasZr2012 catholyte

through the porous scaffolds or a co-firing of both.

Discussion is aimed toward opportunities to meet important target parameters
including low interfacial resistance, high-loading capability and specific capacity for

high energy and power Li-metal battery.
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Slurry-Cast Solid Electrolyte/Binder-Sheets as Separators in All-
Solid-State Batteries — a Comparative Study

Tobias Kutsch, Christian SedIimeier, Prof. Dr. Hubert A. Gasteiger, Technische Elektro-
chemie, Technische Universitat Munchen, Lichtenbergstralle 4, 85748 Garching/DE

In the present study, we report on the preparation of composite sheet-type separators for
sulfidic all-solid-state batteries by a slurry-casted process, investigating three different
sulfidic solid electrolyte systems (LisPS5Cl, LizP3S11 and Li1oSnP2S12) in combination with
different volume fractions of hydrogenated nitrile butadiene rubber (HNBR, @HNBR =
1.7 -16.0 vol.-%) binder.[1-2] By means of the analysis of top-view and cross-sectional
scanning electron microscopy (SEM) images of the prepared sheet-type separators,
combined with energy dispersive X-ray spectroscopy (EDX), we characterize the
influence of the slurry-coating process conditions as well as of the binder volume fraction
on their morphology. Compaction of the obtained separator sheets is easily possible by
uniaxial compression at room temperature, resulting in residual pore volume fractions
of =3-12 %, depending on the respective solid electrolyte system. While increasing
fabrication pressures lead to a reduction of void volume and an increasing contacting
between the solid electrolyte particles, very high fabrication pressures (> 200 MPa) lead
to a fusing of the SE particles and to nearly pore-free separator sheets. Apart from the
micromorphology and porosity of the separator sheets, we investigate the dependence
of HNBR binder content, processing as well as densification conditions on their ionic
conductivity using potentiostatic electrochemical impedance spectroscopy (PEIS)
measurements. As one would expect, the Li+-ion conductivity of the SE/HNBR separator
sheets decreases with increasing binder volume fraction. Interestingly, however, the
relationship between Li*-ion conductivity and binder volume fraction (gpHngr) is essentially

identical for the three different sulfidic electrolytes that are examined in our study.

Literature:

[1] T. Kutsch=, C. SedIimeier=, R. Schuster, L. Hartmann, R. Bublitz, M. Tominac, M.
Bohn, H. A. Gasteiger, Journal of the Electrochemical Society, 2022, 169, 070508.

[2] T. Kutsch, C. Sedimeier, R. Schuster, H. A. Gasteiger, 2415t ECS Vancouver, 2022,
Meet. Abstr. MA2022-01, 161.
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In recent times, anode-free batteries (AFB) have attracted increasing interest due to the
elimination of a conventional negative electrode material from the cell, exploiting lithium
inventory from a lithiated cathode. Such configuration implies a much simpler, cost-
effective, and more sustainable approach, helping to overcome the main weak points of
the solid state battery (SSB) technology: the high cost and sustainability issues due to

the use of highly reactive and expensive Li metal foil anodes.

In this work, surface modifications of the selected copper current collector (CC) have
been performed by coating using composite layers, made of carbon and different metal
nanoparticles. The impact of different coatings on the electrochemical performance of
single layer solid-state anode free pouch cells (SS AFB, nominal capacity of ca. 30
mAh) based on a PEO electrolyte and LiFePOs cathode, has been systematically
studied. With the best tested coating, composite layer containing Ag nanoparticles and
carbon black in a 1:3 wt. ratio, the initial discharge capacity is doubled respect to bare

CC, and the cells exhibit a coulombic

150 B 100 efficiency above 99% after 50 cycles (Fig. 1).
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Figure 1. Discharge capacity and Coulombic

efficiency of pouch-type SS AFB, using 15 pm

coatings on anode CC, made with different metals p . .
nanoparticles and carbon black. LFP cathode with [1] O. Garcia-Calvo et al. Frontiers in

loading 0,6 mAh-cm2. Cycling conditions: 60°C, 1 .
N-m, DoD 100%, 2.5-3.8 V, 0.1C-0.1C. Chemistry, 2022, 10, 934365
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The development of all-solid-state high-voltage Li-ion batteries (> 4.8 V vs. Li/Li*) is a
challenge associated with a) the electrochemical stability window and Li* conductivity
of solid electrolytes, b) the intrinsic stability of redox active cathodes at a high-operation
voltage, c) the stability of the cathode-electrolyte interface upon operation of high-
voltage batteries, d) Li* conductivity across the electrode/electrolyte interface, and e)

the issues associated with the electrode/electrolyte contact.

Here, we present our novel results on functionality of all-solid-state thin-film batteries
(ASSTFB) composed of LiCoPO4 (LCP) cathode with olivine structure (redox potential
~4.8 V vs. Li/Li*), metallic lithium as the anode. As solid electrolytes, the high-voltage
ceramic Li15Ti15Alo5(PO4)s (LATP) and amorphous lithium phosphorus oxynitride
(LiPON) were used.

Chemical compatibility of the solid electrolytes with the LCP thin-film cathode, as well
as their interfacial properties are in-situ studied by photoelectron spectroscopy. The
redox peaks of the LCP cathode in all-solid-state battery are observed at 4.7 VV and 4.9
V. Furthermore, electrochemical activity is compared to that of LCP battery with the
hybrid electrolytes. The impact of coating as protection layer for the electrodes is
studied. The impact of charging/discharging rate on the mechanical stability of the solid
electrolyte is demonstrated. The possible degradation mechanisms occurring in the

high-voltage all-solid-state batteries are presented.
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The Role of Pressure and Temperature during Cell assembly on the

Cell performance of sulfide based All-Solid-State-Batteries

Tobias Neumann, Freiburg/Germany, Jakob Vogler, Freiburg/Germany,

Maximilian Schmucker, Freiburg/Germany, Ingo Krossing, Freiburg/Germany,
Daniel Biro, Freiburg/Germany
Tobias Neumann, M.Sc., Fraunhofer ISE, Heidenhofstr. 2, 79110 Freiburg

All-Solid-State-Batteries (ASSBs) are promised to be the successors of currently used
lithium-ion-batteries. Still in development, different electrolytes are being studied as
suitable candidates for the next-gen batteries. One class of them are sulfide based which
demonstrate high ionic conductivity at room temperature as well as ductile behavior,
allowing them to be compacted at low temperatures and pressures.

Substantial work has been done on the investigation of sulfide electrolytes themselves
but fewer on the integration into ASSBs. Therefore, in this work we will demonstrate the
cell assembly process of ASSBs with in-house developed electrode sheets for cathode
(Ni-rich (Ni83) NMC) and anode (silicon), using an Argyrodite-type sulfide ion-conductor
as electrolyte and separator (pellet-type). At that, we take a closer look on the parameters
of applied pressure as well as temperature during the cell assembly. The effect will be
analyzed using galvanostatic cycling methods as well as electrochemical impedance
spectroscopy (EIS). Investigating these parameters will support optimizing industrial
processes such as roll pressing and set up a thermal stability window for this cell

chemistry.
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Titanium sulfide-based ternary compounds as cathode active

materials for SSB batteries

Francesco Piccolo, Berlin/DEU, Prof. Dr. Philipp Adelhelm, Humboldt Universitat zu
Berlin, Brook-Taylor-Strale 2, 12489 Berlin

Among the technologies currently under development for energy storage, solid-state
batteries with sulfide cathodes offer a step increase in capacity and safety while
employing sustainable and affordable materials. TiS2 is one of the most promising
materials to be used at the cathode of said batteries. [1]

Its ability to reversibly intercalate Li-ions at high capacity and its high conductivity put
this material under the spotlight of battery research many decades ago already [1]
although that place that was subsequently lost in favour of other newly developed
intercalation compounds. However, the deeper understanding we now have of the
functioning of batteries has caused a renewed interest in TiS2 in the past years [2].

A possible development of this line of research could come from TiX?S2+@z2)y ternary
compounds, where X is another transition metal (Fe, Mn, Zr,...) and z its oxidation
state. Very few similar Ti-X-S ternary compounds have been investigated so far as
electrodes [3]. With appropriate ratios and synthesis, the layered structure typical of
TiS2 is preserved in these compounds, which seems to indicate the new metal simply
replaces some of the Ti in the structure. This approach seems to overcome some of the
main shortcomings of TiS2. In a few combinations we tested experimentally we could
already notice a reduced capacity fading (through inhibition of the Li + TiS2 - Ti + Li2S
conversion reaction) and increased air stability (through an increased voltage). Other
beneficial effects (currently under investigations) are also not to be excluded, such as
increased capacities (using electrochemically active metals), alternative reaction paths

or improved conductivity.

Literature:

[1]Whittingham, M. S. Chem. Rev. 2004, 104 (10), 4271-4302. [2] Oh, D. Y. J. Mater.
Chem. A 2016, 4 (26), 10329-10335. [3] Tarascon, J. M.

Phys. Rev. B 1983, 28 (11), 6397-6406.
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Kaskel, Technische Universitat Dresden, Bergstral’e 66, 01069 Dresden

The high gravimetric and volumetric capacity of silicon makes it an attractive anode
material for lithium-ion solid-state batteries (SSBs). [1,2] Herein, we present silicon
carbon void structures (Si-C) as anode material for SSBs for the first time. The carbon
matrix enables excellent cycling performance in solid-state cells with areal loadings as
high as 7.4 mAh cm™. [3]

Si-C composite electrodes showed higher lithiation capacities, better rate stability and
higher capacity retentions than pristine silicon nanoparticles (SiNPs), which rapidly
degraded due to the immense mechanical stress upon charging and discharging.
Hence, the volume changes of the SiNPs are well compensated by the carbon matrix,

which also stabilizes the entire electrode. [3]

In full cells with nickel-rich NCM (LiNio.oC00.0sMno.0sO2, 210 mAh g') as cathode, higher
initial discharge capacities and coulombic efficiencies (72.7 % vs. 31.0 %) can be
achieved compared to the liquid system. The solid electrolyte (LisPSsCl, 3 mS cm™)
does not penetrate the whole carbon matrix of the Si-C particles resulting in less side
reactions. Consequently, prelithiation of the Si-C anodes is not required in SSBs. By
applying either a low (1.1) or rather high n/p ratio (2.0) capacity retentions of up to
87.7 % after 50 cycles could be reached. The herein presented Si-C composites,
effectively compensating the volume changes of silicon, are a promising concept for

stable, high-capacity SSB anodes. [3]

Literature:

[1] A. Mukanova, A. Jetybayeva, S.-T. Myung, S.-S. Kim, Z. Bakenov, Mater. Today
Energy 2018, 9, 49. [2] N. Nitta, G. Yushin, Part. Part. Syst. Charact. 2014, 31, 317.
[3] S. Poetke, F. Hippauf, A. Baasner, S. Dorfler, H. Althues, S. Kaskel, Batteries
Supercaps 2021, 4, 1323.
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All-solid-state thin-film batteries (TFBs) combine several features of solid-state
batteries, such as long lifetime, high charge/discharge rates, and safety, with the
potential of large-scale manufacturing using physical vapor deposition (PVD) methods.
The talk will review several recent highlights of new materials and interfacial
phenomena investigated in the 2D thin-film geometry in our research group. These
include Li-rich NMC811 cathodes that can be cycled for > 1000 cycles within a wide
voltage range of 1.5...4.7 V [1], ultra-thin amorphous LLZO electrolytes to block lithium
dendrites [2], and amorphous carbon interlayers at the Cu/LIiPON interface to facilitate
homogeneous Li plating and stripping in an anode-free configuration [3]. At last, we will
present an experimental proof-of-concept of monolithically stacked (so-called bipolar)
TFBs entirely fabricated with PVD methods, which could resolve the principal handicap
of the low specific and areal capacity in TFBs and enable a new type of high-power
solid-state devices.

Literature:

[1] A. Aribia et al., Adv. Energy Mater. 2022, 2201750. [2] J. Sastre et al., Comm.
Mater. 2021, 2, 76. [3] M. Futscher et al., J. Mater. Chem. A 2022, 10, 15535.
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In the pursuit of safer batteries with a high energy density, the transition from liquid to
solid electrolytes resulting in solid-state batteries (SSB) is probably one of the most
promising directions in current battery research [1]. A promising Li-ion conducting
oxide-ceramic is the garnet LirLasZr2012 (LLZO). However, it needs to be densified in
order to be used as separator or in composite cathodes of SSB, but suffer from lithium
loss at elevated temperatures.

To address this issue, the sintering method “rapid thermal processing” (RTP) is used to
fabricate ceramic composite cathodes of LLZO and LiCoO2 (LCO), the cathode active
material. Rapid thermal annealing techniques enable quick and non-contact processing
of ceramic materials and are particularly promising for materials containing elements
with high vapor pressure.

The cathodes were deposited on LLZO separators by screen-printing, a scalable
industrial process for the fabrication of ceramic components. A detailed analysis by
Raman spectroscopy and X-ray diffraction analysis confirms the successful mitigation
of secondary phase formation between LCO and LLZO. The subsequent application of

indium-metal anodes resulted in fully inorganic SSB that were electrochemically cycled.

Literature:
[1] J. Janek, W.G. Zeier, Nat. Energy, 2016, 1.
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The discharge rate capability is an important property of electrodes for all-solid-state
batteries (ASSBs) and is often studied by a slow charge and a fast discharge rate. In
order to guarantee that the end-of-discharge is truly defined by the cathode potential,
either an anode that does not limit the rate or a cathode potential control via a reference
electrode is required. However, the commonly used InLi alloy is known to have a limited
delithiation capability at high current density.['?l Thus, when using InLi as counter
electrode in discharge rate tests, the use of a reference electrode would be highly
beneficial to ensure that the end-of-discharge is defined by the cathode potential. To
date, however, the application of reference electrodes in ASSBs has only been
performed in highly specialized setups,!'3l as for a proper implementation various
aspects have to be considered: first, the hardware for investigating ASSB components
requires hermetic sealing and the capability to apply high pressures and, second, most
ASSB cells are based on bulk-type electrodes, i.e., pressed powders. To overcome
these issues and enable the use of reference electrodes in ASSB cells, we developed
a straight-forward preparation method for a three-electrode setup. In our approach,
sheet-type separators!* and cathodes were used to assemble pouch cells with an InLi
alloy anode. By extending the separator sheet beyond the electrodes, a piece of Li-
metal could be attached, serving as a reference electrode with a stable potential. This
setup is used to deconvolute the half-cell potentials during a rate test of a nickel-rich
NCM composite cathode with sulfidic electrolyte (LisPSsCl) and an areal capacity of
3 mAh/cm?. In discharge rate tests, current densities up to 3 C (9 mA/cm?) are applied,
where the InLi anode overpotentials are very large and thus lower the discharge
capacity in cell-voltage-controlled rate tests. The latter will be compared with discharge
rate tests where the lower cut-off potential is controlled by the cathode potential

measured via the Li-reference electrode.

[11Y.J. Nam, K. H. Park, D. Y. Oh, W. H. An, Y. S. Jung. J. Mater. Chem., 2018, 6, 14867 —14875.

[2] R. Dougas, Y. Dupraz, E. Quemin, T. Kog, J.-M. Tarascon. J. Electrochem. Soc., 2021, 168, 090508.
[3] G. H. Chang, H. U. Choi, S. Kang, J.-Y. Park, H.-T-Lim. lonic, 2020, 3, 1555 —1561.

[4] C. SedIimeier, T. Kutsch, R. Schuster, L. Hartmann, R. Bublitz, M. Tominac, M. Bohn, H. A. Gasteiger.
J. Electrochem. Soc., 2022, 169, 070508.

-82-



Fabrication and Modification of Pouch-Type All-Solid-State Lithium

Batteries

Yongbae Song', Seunggoo Jun', Ki Heon Baeck', Yoon Seok Jung*"

' Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul
03722, South Korea

*E-mail of the Corresponding Author: yoonsjung@yonsei.ac.kr

High energy density for lithium-ion batteries (LIBs) has become critically important for
the practical application of electric vehicles and energy storage systems. In terms of
high energy density, Li metal batteries have been extensively studied. However, the
intrinsic dendritic growth issues for Li metal anodes and the safety problems
associated with flammable organic liquid electrolytes (LEs) have been major
drawbacks. In this regard, all-solid-state batteries (ASSBs) using non-flammable solid
electrolytes (SEs) have become promising alternatives for conventional LIBs.
Especially, ASSBs using sulfide SEs are major candidates for practical applications
owing to their high ionic conductivities and mechanical sinterability. Due to the high
Young’'s modulus, it was believed that most SEs could prevent the dendritic growth of
Li. However, it has been revealed that SEs cannot prevent it. Thus far, most studies
on ASSBs have been reported using powder-based uniaxial-pressurized cells while

pouch-type ASLBs cells using thin SE films are practically meaningful.

In this presentation, fabrication strategies for practical pouch-type ASLB cells
employing thin sulfide SE films and corresponding electrochemical performances are
presented.

[1] Adv. Energy Mater. 2018, 8, 1800035.
[2] Nano Lett. 2015, 15, 3317-3323.
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Abstract

To realise high energy density solid-state batteries for use in wearable, portable
electronic and Internet of Things devices, the use of an advanced negative electrode
material such as Li or Si is required. However, these materials exhibit large volumetric
expansions during cycling, causing significant mechanical stress and strains within the
cell. The electrochemical and mechanical behaviour of these cells is poorly understood
and insight into the electro-chemo-mechanical relationship is required to improve cell
performance and durability.

Here | will present a 2D electro-chemo-mechanical model of a thin film SSB which is
validated using experimental steady-state, transient and pulsed electrochemical
methods.[" The cell, consisting of an amorphous Si negative electrode, lithium
phosphorus oxynitride (LiPON) solid electrolyte and lithium cobalt oxide positive
electrode (LiCoOz2) is subjected to 1C cycling, high C-rate pulses, electrochemical
impedance spectroscopy (EIS) and the galvanostatic intermittent titration technique
(GITT) to extract key parameters for the model. A viscoplastic model is used to predict
the strains and plastic deformation of Si due to (de)lithiation.

The validated model is used to explore the peak interfacial stress and strain which
occur at the Li-Si alloy and LiPON boundary. The mechanical properties of the Li-Si
alloy which forms during lithiation, is highly dependent on state of charge. Careful
consideration of the Li-Si mechanical behaviour as a function of lithiation is modelled
and the distinct electrochemical signature of the Li-Si alloy layer detected using
distribution of relaxation times (DRT) analysis. The peak volumetric expansion
increases from 69% to 104% during 1C cycling as a function of relative electrode
thickness (up to a factor of 4). Future directions include using the model to vary the
electrode thickness to understand its sensitivity on the stress-strain behaviour. This
will help to further cell design and optimisation of solid-state battery technologies.

[1] Vadhva, P., Boyce, A., Hales, A., Pang, M., Patel, A., Shearing, P., ... Rettie, A. (2022, June 20).
Towards Optimised Cell Design of Thin Film Silicon-Based Solid-State Batteries via Modelling and
Experimental Characterisation. https://doi.org/10.1149/osf.io/jh75k
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The constantly growing requirements on energy storage make an optimization
regarding costs, safety, energy and power density inevitable. These optimizations can
be achieved with all solid-state batteries (ASSB).

By replacing the liquid electrolyte with an ion-conducting solid, the major advantages
such as an increase of safety, energy and power density can be reached. To fulffill
these requirements, questions about production methods for homogeneous, thin solid-
state electrolytes (SE) are becoming more important. The slot die process is already a
prevalent coating process for the production of lithium battery electrodes. Therefore,
the process offers a good basis for the realization for the production of SE by adapting
this process. Further, the process is easy scalable which provides potential in terms of
economic and upscaling by optimization of the process parameters. Additionally,
limiting factors of the process are well known and applicable to non-Newtonian fluids,
which makes the use of polymer based SE appropriate.

Poly(ethylene oxide) (PEO) based SE make a good model as PEO offers many
advantages, such as its good availability on the global market, high solubility in
solvents like methanol, cyclohexanone or acetonitrile and the capability to dissolve
conductive salts like the alkali salt Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).
In this work, the coating window is evaluated as a function of material properties, i.e.
molecular weight of PEO and solution concentrations. For these solutions, material
properties such as viscosity and surface tension are determined. Also design of
experiment is used to investigate the influence of the process parameter on the layer
quality. The layers are evaluated based on their thickness and ionic conductivity.

Experimental results are compared to theoretical film break up models.
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Corrensstralde 46, 148159 Mlnster

As for liquid electrolytes, studying the formation of the solid-electrolyte interface (SElI)
and its implications is one of the most important topics in solid-state batteries. In this
study, density functional theory (DFT) and ab-initio molecular dynamics (AIMD)
calculations were performed to study the decompositions of polycaprolactone, one
main constituent of the electrolytes, and its ending groups at the interface. Additionally,
the computational lithium electrode (CLE) method [1] was applied to study the
formation of the SEI under external voltage. The AIMD results suggest that the
fragments are highly reactive on the Lithium slab where the fragmentation can be
observed in less than 1 ps. The decomposition was triggered by the electrons
transferred from the slab to the fragments. The electrochemical mechanism shows only
slightly weaker energetics with respect to the non-electrochemical one, showing that
pristine lithium readily reacts with the polymer. After the formation of passivation layers
(Li2O, LiF or Li2COs) on top of the anode, the calculations show that only one
monolayer protects the molecules from being decomposed at the interface at short
interval of time, where the LiF layer seems to have the most robust protection as
compared to the other layers. The electrochemical window and the decomposition of
the polymer fragments in the presence of a Li cation, TFSI anion, or LiTFSI ion pair
without explicit interface have also been also investigated. These cluster calculations
show good accordance with results given by DFT and AIMD calculations at the

interface.

Literature:
[1] Narskov, et al. J. Phys. Chem. B. 2004, 108, 17886 — 17892.
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To establish solid-state batteries (SSB) as a technology for potentially safer and
high-performing energy storage, there are still many challenges, such as upscaling
the syntheses of solid electrolytes (SE) and production processes for electrodes
[1-3]. Aiming at the availability of these highly demanded materials, the focus of this
work was to evaluate scalable and continuous processing strategies to produce
sulfide-based SE.

Sulfide-based SE have attracted broad interest because of their high Li* conductivity
and compliant mechanical properties in SSB electrodes, but their syntheses are
typically known as time consuming processes and mainly require toxic and
inflammable solvents [1,4-6]. Within this work, the solvent-free mechanochemical
synthesis of LisPS4 and LisPSsCI was investigated and highly optimized in lab scale
via high energy ball milling. A deeper understanding of process-structure-product-
relations was gained by experiments and associated simulations of stressing
conditions with the discrete-element-method (DEM). The coupling of the
experimental and simulation results revealed a direct correlation between the
existing stressing conditions for different parameter sets and the obtained product
properties.

In a subsequent upscaling step the stressing conditions and suitable continuous
processing strategies were investigated in scalable mill types. Based on the
obtained insights, the solvent-free synthesis of sulfide-based solid electrolytes was
successfully demonstrated in an upscaled mill type, which will thus facilitate the
industrial production of SSB.

[11Y.-G. Lee et al., Nature Energy, 5, 299-308 (2020)

[2] A. L. Robinson & J. Janek, MRS Bull. 39, 1046-1047 (2014).

[3] Y. Kato et al., Nat. Energy 1, 16030 (2016).

[4]W. G. Zeier & J. Janek, Nat. Energy 1, 16141 (2016).

[5] H. Stoffler et al., Phys. Chem. C 123, 10280-10290 (2019).
[6] J. Ruhl et al., Adv. Energy Sustainability Res., 2, 2000077 (2021)
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Significant efforts have been made to develop ASSB by processing ceramic solid
electrolyte powder into electrolyte films. Achieving electrolyte films with thicknesses
below 20 um is challenging and currently impedes the commercialization of ASSB.
Powder Aerosol Deposition (PAD) is a relatively new technology that can be applied for
the production of ceramic films. The advantages of PAD are that very thin films can be
easily manufactured and that the process itself requires relatively low temperatures. In
PAD, deposition takes place at room temperature and in many cases high sintering
temperatures, as required by conventional ceramic processing routes, are not
necessary. [1] In first investigations, garnet-type electrolyte PAD films showed promising
electrochemical properties [2,3].

Based on these results, we aim at showing that multilayer films can be produced by PAD
and used in ASSB. Our films consist of a composite cathode layer (NMC/LLZO) as well
as an electrolyte layer (LLZO). SEM images of the PAD multilayer show that a dense and
nanocrystalline film structure is achieved. EDX data confirms that a composite cathode
can be created by the simultaneous deposition of the electrolyte and the cathode
material. The PAD films exhibit promising electrochemical performance against lithium
metal anodes. In the next step we will introduce composition gradients into the cathode
layer. It is expected that such gradients will help to improve the kinetics of ASSB and

enable increased power and energy densities.

Literature:
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Oxide-ceramic electrolytes possess superior electrochemical properties for all solid-
state Li batteries. A high temperature sintering step is required to obtain high-
conductive grain boundaries. Unfortunately, the high temperature sintering can lead to
the reaction of the oxide-ceramics with cathode active materials and the formation of
low-conductive secondary interface layers.

Lower sintering temperatures are beneficial to maintain the pure electrolyte and
cathode active material phases. However, lower sintering temperature prevent the
dense sintering and the formation of high-conductive grain boundaries. Advanced
sintering techniques are required to lower the sintering temperature while still achieving
the good electrochemical properties. Such an advanced sintering technique is Field-
Assisted Sintering Technology/Spark Plasma Sintering (FAST/SPS) which utilizes an
applied mechanical pressure and electric currents to assist the sintering process. The
advantage of FAST/SPS is furthermore the significantly reduced dwell times of hours to
minutes.

Through the shorter dwell times and lower sintering temperatures, we were able to co-
sinter LiNio.sMn1.504 (LNMO) as the cathode material and Lio.3ssLaoss5TiO3 (LLTO) as the
solid-state electrolyte material. The composite system was analysed in detail for its
structure, phase, and electrochemical properties.

With this work we want to show an energy-efficient, fast, and simple co-sintering
process for LNMO and LLTO and its potential to transfer our process to other material

systems.
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Abstract

Sulfide-based all-solid-state batteries are one of the most promising next generation energy
storages. Especially the chlor-argyrodite material LisPSsCl and ceramic sulfide LizP3Sq1 are
attractive solid electrolyte materials due to their high ionic conductivity. To date a lot of research
in terms of material chemistry and cell design is presented in literature. From a production point
of view, process parameter studies and process engineering are rarely addressed. To fabricate
a thin-film sheet of the separator or composite cathode, conventional wet coating techniques
from lithium-ion battery production can be applied. A process study showing interdependencies
for the up-scaling of thin-film and large-scale sheets is omitted. Therefore, this paper reveals
the correlation between product and process parameters for the design of an industrial wet
coating process. Large-scale sheets of LPSCI and LPS separators with thicknesses down to
40 ym as well as composite cathodes on aluminum are coated and relevant parameters such
as viscosities and coating velocities are varied to analyze correlations and pave the way for

the industrial roll-to-roll coating process.
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All-solid-state batteries (ASSBs) are seen as a next-generation battery technology. Of
the various ASSB variants, only polymer-based ASSBs have been successfully
commercialized to date [1]. Currently, free-standing solid polymer electrolyte (SPE)
membranes suffer from poor mechanical stability limiting processability and resistance
against lithium-dendrites. Using a support-matrix enables the fabrication of thin but
robust SPE separators [2], but literature focussing on scalable production is still scarce.
Therefore, this work describes a scalable manufacturing method for ultrathin matrix-

supported SPE separators for high-performance ASSBs.

The infiltration of commercially available conventional LIB separators was studied
experimentally. Multiple process parameters such as the solvent content of the solid-
electrolyte solution and the wet film thickness used for the infiltration of the support
matrix were evaluated and their influence analysed. The production and characteristics
of the matrix-supported membrane were studied with the use of scanning electron

microscopy and electrochemical impedance spectroscopy.

The production of an ultrathin (< 8 um) matrix-supported SPE separator using scalable
processes was achieved in this work. A commercially available conventional LIB
separator with a thickness of 7.4 um was infiltrated with a PEO-based SPE using a
doctor blade process. The resulting membrane measured less than 8 um with a
polymer cover layer of less than 1 ym. Using this ultrathin SPE separator symmetrical
pouch cells with an area of 9 cm? were successfully cycled with a current density of
100 pA-cm?. Electrochemical effects caused by the ultrathin separator and the used

SPE were investigated and a possible explanation by the sand-equation [3] given.

The suitability of the matrix-supported solid electrolyte separator for its application in

scalable ASSB production is discussed and further potential for research is shown.
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Abstract

Interests in lithium-ion batteries (LIBs) have been increasing with the development of
next-generation energy storage. Opposed to conventional LIBs which face serious
safety issues, all-solid-state batteries (ASSBs) have emerged as a promising
alternative. Particularly, there has been outstanding development in sulfide solid
electrolytes (SEs) as they have beneficial intrinsic properties of high ionic
conductivities and mechanical ductility. In addition, ASSBs are advantageous to
achieve high energy density with the employment of Li metal anode. However, there
are many obstacles: e.g., poor reversibility, dendritic growth, and instability with SEs.
Therefore, interface engineering to enable reversible dissolution/deposition of Li metal
is imperative. While most studies on ASSBs have been conducted using pressurized
pellet-type cells with thick SE layers (hundreds of micrometers), the employment of
thin SE membranes (< 100 um) is required for practical pouch-type ASSBs.

In this presentation, SE film modification strategies for pouch-type ASSBs employing

Li metal anode is presented.
[1] Yong Bae Song, et.al., Current Opinion in Solid State & Materials Science, 26,

100977 (2022)
[2] Kern Ho Park, et.al., Adv. Energy Mater., 8. 1800035 (2018).
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Visualizing the structure evolution of CuS-based SSBs by 3D
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Solid state batteries (SSBs), especially those utilizing conversion-type active materials,
are promising future energy storage systems.!'! However, the mechanical stability of
SSBs upon electrochemical cycling are a great challenge. The periodic volume variation
is known to deteriorate the physical contact between the active material and solid
electrolyte (SE) particles which emphasizes the need for optimizing the mechanical
properties.

It has been shown, however, that with the right combination of materials even electrode
reactions with large volume changes can be cycled in SSBs at room temperature. A
peculiar example is CuS which shows an expansion of 75 % upon lithiation. This appears
possible due to a favorable combination of several materials properties.®! For example,
CuS is an ionic (Cu*) and electronic conductor and a soft material. Interestingly, lithiation
of CuS leads to a phase separation including the formation of pm-sized Cu crystals. 3D
tomography is an excellent tool for studying solid-state interfaces as it yields three-
dimensional reconstructions of materials with spatial resolution.®

Herein, we study the reaction mechanism of CuS electrodes in Li-SSBs and the related
crack formation by 3D tomography. Li is used as counter electrode and LisPS4 as solid
electrolyte. We find that the z-oriented expansion of the active material leads to cracks
with preferred orientation perpendicular to the applied pressure. The crack formation is
shown to be effectively mitigated by increasing the pressure. Preferred orientation is also
found for the um-sized copper crystals. We also find a z-oriented “back-and-forth”
displacement of the CuS particles during cycling over several um which is due to the
plating/stripping of the Li counter electrode. Overall, CuS is found to be an ideal study
case to follow chemical and structural changes during cycling of Li-SSBs
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In order to enable the market introduction of all-solid-state batteries, several anode
concepts are under investigation to increase the energy density compared to graphite
anodes, while maintaining longer stability and reducing the production costs. More and
more interest is being directed towards materials that form lithium alloys, particularly
silicon, which has a theoretical capacity of 3579 mAh/g.

In this work, anodes with 96w% silicon are prepared by coating water-based slurries
which contain a microscale silicon as active material, the rest being made up of LiPAA
as binder and C65 carbon as conductive additive, so that no solid electrolyte particles
are present. [1] The combination of the water-based process and the microscale
dimension of the silicon particles make this electrode concept easily scalable and cost-
effective. To reach a competitive areal capacity in the range of 2-6 mAh/cm?, with the
full utilization of the silicon, only a thin layer is needed. In this case, the lithiation would
start at the interface of the silicon particles with the LPSCI solid electrolyte separator,
and the loss of lithium into the SEI should be minimized due to the limited silicon/SE
contact area. During lithiation, the silicon-lithium alloy expands and fills all the pores
present on the electrode. While, during the delithiation, it has been observed that the
electrode assumes a columnar morphology that could guarantee the mechanical
integrity of the electrode even upon extended cycling. [2] The thickness variation and
the anode morphology is being investigated by examining cross-sectional SEM images
at different states of charge. Cycling half-cells with InLi as counter and as reference
electrode, the stability and the rate capability of the prepared silicon anodes will be

compared when cycled at different cell compression pressures.
Literature:
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Using lithium metal as anode material promises a drastic increase in energy and power
density in solid-state batteries. However, handling and fabrication of cells employing
lithium metal foils is very demanding due to strict atmospheric requirements to
suppress surface passivation of lithium as well as ensuring safety due to its high
reactivity.['l A possible solution is the use of so-called “anode-free” or rather reservoir-
free cells (RFCs). In these RFCs the lithium anode is deposited within the first charging
step from lithium present in the cathode active material instead of mechanically applied
during fabrication, which offers an elegant opportunity to circumvent the handling of
pure lithium metal. This formation step, however, is difficult to control. Instead of a
layered film growth of lithium, rather a heterogeneous combination of whiskers,

dendrites and island growth is typically observed.?

Therefore, a powerful operando scanning electron microscopy technique was
developed within this work, which allowed the observation of lithium nucleation and
growth both from a top and cross-sectional perspective. Using this technique, the
influence of applied current density and current collector thickness was investigated
on the lithium plating at the Cul|Lis2s5Alo.25sLasZ2012 interface. A 6-fold increase in
particle density and correlated decrease in average particle size was observed for
increasing current densities. This may help with the growth of homogeneous films,
especially if pressure is additionally applied during the experiment. Furthermore, it
could be shown that a mechanically stable current collector needs to be employed,
which suppresses the penetration of single lithium whiskers, as this would lead to
inhomogeneous and irreversible lithium growth. In this case, a 10 ym thick copper foil

is sufficiently resistant against whisker penetration.
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Overall, this work not only presents an analysis of the growth of lithium at the
electrolyte|metal interface, but also describes a technique for visualization of lithium
growth in operando using electron microscopy. This technique can help to elucidate
the influence of other parameters on lithium growth, such as applied stack pressure,
crystal orientation and surface morphology, which guides the search for optimal

deposition parameters in RFCs.

[11 M. J. Wang, E. Carmona, A. Gupta, P. Albertus, J. Sakamoto, Nat. Commun.
2020, 71, 1-9.
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G. Zeier, J. Janek, Joule 2019, 3, 2030-2049.
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The solid-solid interfacial contact is a critical issue during the studies of solid-state
batteries (SSBs), which greatly affects the electrochemical performance of SSBs, such
as the coulombic efficiency, and cycle life. For flexible polymer/garnet electrolytes
(PGEs), the interfacial issue mainly comes from the interactions between the inorganic
fillers and the polymer matrix. The slow Li" transport through the polymer/garnet
interface can lead to the low ionic conductivity of PGEs. While for garnet ceramic
electrolytes (GCEs), the ceramic bulk with a relative density over 99% shows no
obvious grain boundary, leading to the ionic conductivity over 10 S cm™ at room
temperature. Under this circumstance, the interfacial issue could be attributed to the
poor interfacial contact between the GCEs and Li metal anodes. It can induce the large
interfacial resistance as well as the lithium dendrite growth. In this presentation, I’ll
focus on the aforementioned interfacial issues, various targeted strategies will be
introduced to construct the excellent interfacial structure, thus significantly improving
the performance of SSBs [1-3].

Keywords: Garnet; Solid-state batteries; Interfacial engineering; Li dendrite suppression
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Under the pressure of the European Emission Standards enacted by the European
Union (EU), to decrease carbon emissions, demands for electric vehicles are largely
increasing. However, conventional Li-ion batteries have intrinsic safety problems,
owing to the use of flammable organic liquid electrolytes. Accordingly, all-solid-state
lithium batteries (ASLBs) employing non-flammable inorganic solid electrolytes (SEs)
are considered as promising next-generation batteries. Ni-rich layered oxides, LiMO2
(M = Co, Ni, Mn, Al), and inorganic SEs are considered crucial components for high-
performance ASLBs. Especially, sulfide SEs (e.g., LitoGeP2S12, Lis.5PS4.5Cl1.5) that
exhibit a maximum Li* conductivity of ~102 S cm' are expected to enable the
commercialization of ASLBs. However, sulfide SEs suffer from serious interfacial
degradation when combined with LiMO2 cathodes, which originates from their low
electrochemical oxidation stability (< 3 V vs. Li/Li*) and chemical incompatibility.
Despite the unsatisfactory ionic conductivity (max. 10-3S cm), halide SEs have been
newly emerging due to their excellent electrochemical oxidation stability (> 4 V vs.
Li/Li*) with good compatibility with LiMOal" 2.

In this presentation, a hybrid usage of sulfide and halide SEs to compromise their
drawbacks for the application to LiMO2 cathodes in ASLBs will be presented. A

digital-twin 3D modeling will also be discussed.

[1] Yoonjae Han et al., Adv. Energy Mater. 2021, 11, 2003190
[2] Hiram Kwak et al., ACS Energy Lett. 2022, 7, 1776-1805
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Lithium metal as a promising anode candidate for solid state battery is widely studied
for its ultra-high specific capacity (3862mAh/g). However, due to global inadequate
lithium reserves, high manufacture cost as well as safety concerns on application of
lithium metal, “anode free” concept with zero-excess lithium anode design gains its
attention for further improved energy density and safety [1]. In 2020, the research team
from Samsung proposed a solution with a silver-carbon composite layer to achieve the
“Anode free” concept, the demonstrated ASSB shows long time cycling with coulombic
efficiency over 99.8% over 1000 cycles [2].

In this poster, the lithium stripping and plating behavior of this silver-carbon composite
layer was studied with the PEO-based solid polymer electrolyte in a pouch half cell
format. The PEO-based solid polymer electrolyte was thermally polymerized with
thermal initiator AIBN, which yielded the ionic conductivity of 0.376mS/cm? at 60 °C.
The reversible alloying and de-alloying of the silver nanoparticles with in-situ reduced
lithium was observed with cyclic voltammetry, and this composite layer was further
approved to regulate the lithium deposition over potential during the first discharging
step (referring to half cell format), as well as enable reversible lithium stripping and

plating over longer period of time.
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In our work we demonstrate a facile, water-free synthesis of amorphous
lithium niobate (LINbO3) layers. Our developed method also enables the
coating of substrates in inert atmosphere with simple, industrial scalable
methods. As verification, a 120 nm thin LiNbO3 layer was deposited on
the garnet type lithium ion conductor Lie.4sAlo.0sLasZr16Tao4O12 (LLZTO)
to improve its interface to lithium metal and reduce dendrite formation.
The application of the thin film reduced the interface resistance between
LLZTO and lithium metal to 1.02(13) Q.cm? and increased the critical
current density for dendrite formation to at least 0.5 mA cm™. The
chemical stability of the LiNbOs3 thin film in contact with Li-metal was
verified by SEM, XPS and ToF-SIMS.
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To achieve high energy densities with sufficient cycling performance in all-solid-state
batteries, the fraction of active material has to be maximized while maintaining ionic and
electronic conduction throughout the composite cathode [1]. In a previous study, C65
added to the composite-cathode showed the potential to enhance the capacity and rate
capability [2]. In contrast, it is known that carbon additives can lead to faster
decomposition of the cathode constituents in thiophosphate-based cells [3]. By
determining the electronic percolation threshold of the conducting matrix, the C65
fraction shall be minimized. As a result, not only side reactions could be suppressed, but
also it offers the possibility of increasing active material- or solid electrolyte (SE)
content [4,5].

This study systematically investigated the microstructure and the conduction behavior of
a catholyte containing the SE LisPSsCl and various fractions of C65. The SE was
synthesized via the solid-state reaction. To prepare the catholyte, the as-synthesized SE
powder was mixed with increasing fractions of C65. Those powder mixtures were
sandwiched and densified in a symmetric cell setup between blocking electrodes and
their temperature depended effective conductivity (cet) was determined by
electrochemical impedance spectroscopy (EIS) and evaluated as a function of the
temperature and C65 content. The percolation threshold p. is discovered to be about
4 wt.-% C65. It is suggested that below p¢ the ionic contribution is dominant, which can
be seen in temperature dependend ocef and blocked charge transfer. Above pc, the

impedance of the catholyte becomes frequency-independent, and the ohmic law applies.

Literature: [1] Anja Bielefeld et al., J. Phys. Chem. C, 2019, 123, 1626. [2] Florian Strauss
et al., RSC Adv., 2020, 10, 1114. [3] Wenbo Zhang et al., ACS applied materials &
interfaces, 2017, 41, 35888. [4] Yuki Kato et al., J. Phys. Chem. Lett., 2018, 9, 607. [5]
Georg Dewald et al., Batteries & Supercaps, 2021, 4, 183.

-103 -



Impact of carbon additives’ microstructure on sulfide solid

electrolyte decomposition and its optimization for improved SSBs

Yannik Schneider 2, Simon Randau 2, Felix Walther 2, Simon Burkhardt 2, Felix H.

Richter @, Jurgen Janek @

a|nstitute of Physical Chemistry and Center for Materials Research (LaMa), Justus

Liebig University Giessen, Heinrich-Buff-Ring 17, D-35392Giessen, Germany

One of the main challenges that all-solid-state batteries (ASSB) have to overcome is
achieving high specific capacity. For this, maximum utilization of the cathode active
material (CAM) is mandatory. Carbon-based conductive additives are commonly used
in composite cathodes due to their benefit on the initial capacity by improving the
electronic conducting network. Nevertheless, their influence on several cell

parameters, especially for different types of carbon additives, is not understood yet.

In this work, we analyze the impact of differently shaped and sized carbon additives
on the overall cell performance and material composition in a cathode composite
containing Li(Nio.sC00.2Mno.2)O2 as CAM and sulfide-based solid electrolytes (SE). In
addition, a CAM-free model system was built to investigate the microstructure influence
of the carbon additives on the SEs via cyclic voltammetry. To complete the study post

mortem X-ray photoelectron spectroscopy was carried out on both cell systems.

For maximizing the use of the CAM in ASSB, a carbon additive with a fibrous shape
and with the smallest possible electrochemical active surface area (EAS) is most
suitable. With these properties, an interconnected network can be formed through the
entire cathode composite causing the least amount of side reactions. The side
reactions at the EAS are limited to the initial decomposition of the SE. Nevertheless,

this leads to an increased loss of capacity during the ongoing cycles.

To prevent capacity fading, an insulating Al2O3 coating layer was applied on the
additives by atomic layer deposition. With this approach, a reduction of the initial
decomposition can be observed. Despite minor losses in utilization and a lower initial
capacity, the improved cycle stability compensates this negative impact, resulting in

an enhanced overall cell performance.
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Large-scale industrialization of solid-state batteries requires reducing degradation at
the interfaces between inorganic solid electrolytes and anode/cathode materials, and
components within cathode composites. In parallel, maintaining a percolative
conductive network inside cathode composites, homogeneous ion flux across the solid-
solid battery interfaces and a decrease in the dendritic growth of metals are pertinent

challenges. [1]

One approach to stabilizing reactive interfaces is to apply a conformal coating between
cathode composite components (cathode active material, carbon additives, and
inorganic solid electrolytes) to decrease capacity loss. A newly developed polymer
interlayer is introduced for carbon additives as a chemically stable coating for

nonreactive interfaces between carbon additive and solid electrolyte interfaces. [2]

The microscopic structure of polymer-coated additives, the stability of polymers in the
context of performance evaluation in solid state battery are investigated by employing
SEM, battery cycling and ex-situ XPS. The broad impact of such a newly developed
coating strategy is important for future-generation hybrid-type solid-state batteries,

employing a combination of polymer interlayers and inorganic materials.[3]

Literature:

[1] S. Sen, J. Mater. Chem. 2021, 9.35, 18701-18732. [2] S. Randau,

Chem. Mater. 2021, 33, 1380-1393. [3] S. Deng, ACS Energy Lett. 2020, 5, 1243~
1251
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Solid-state batteries (SSBs) with NCM-type high-nickel ternary cathode material
represent a promising next-generation energy storage technology due to their
expected high energy density and improved safety. However, a significant problem that
needs to be overcome on the way to large-scale application is the rapid capacity fading.
In this work, a polymer coating on NCM has been prepared to stabilize the interface
between NCM and the solid electrolyte. The polymer coating achieves a significant
improvement in long-term cycling performance and active mass utilization compared
to uncoated NCM. Thereby, the coating can effectively suppress cell degradation, as
shown by time-of-flight secondary ion mass spectrometry (ToF-SIMS). Furthermore,
the galvanostatic intermittent titration technique (GITT) and focused ion beam
scanning electron microscopy (FIB-SEM) indicate the reasons for the improved
performance. Overall, such a polymer coating on NCMs is demonstrated as a scalable

process for high-performance and stable SSBs.
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All-solid-state battery (ASSB) technologies are for future EV application,
because of their safety and high energy/power density. Most importantly, high-rate
performance is greatly desired, because quick chargeability is one of the most
important requirements for EV application. Thus, it is necessary to understand the
overpotential of ASSBs in order to improving the high-rate performance, since there
is a disparity between the expectation and the present status. The effective reaction
surface area of the cathode active material is one of the key parameters to
understanding the cause of the overpotential. FIB-SEM and X-ray tomography have
been utilized to analyse the microstructure of composite electrodes to clarify the
effective reaction surface area. [1-2] However, such visualization methods have
some limitations from a quantitative point of view, since they are destructive analysis
techniques and only partial structural information is obtained resulting in rack of

representativeness.

We have herein tried to construct an electrochemical measurement method
which enables us to evaluate the effective surface area in the cathode layer
quantitatively. In this study, double layer capacitance in the cathode composite
electrode was focused on as an indicator of effective reaction surface area, and the
applicability of the double layer capacitance evaluation method using the
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) was

verified with various cathode compositions.

Literature :
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Several studies have been performed to obtain novel materials that can lead to the
higher performance of the solid-state batteries in terms of ionic conductivity.
Cyclodextrins grafted with polycaprolactone polymer chains are one among such
materials which shows a promising increase in performance as compared with
Polyethylene Oxide (PEQO) experimentally. We have investigated the properties such as
diffusivity and ionic conductivity of this novel material using molecular dynamics
simulation for an All-Atom Model and Coarse-Grained model at different temperature

ranges.

We employed the time-temperature superposition principle to determine the ionic
conductivity at lower temperatures that matches well with the experimental findings.
Furthermore, we have also investigated the impact of coating surfaces on the ion
transport in the presence of other solid electrolytes like LLZO. This work provides
insights into the Li-ion transport in the vicinity of internal interfaces in hybrid

electrolytes.

All-Atom Model for GCD-PCL Electrolyte with APTES Interface
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Abstract: Solid-state batteries (SSB) offer high energy density and in general considered safe as compared to
conventional non-aqueous batteries. Most of the SSB use organic binders like PVDF which are ionically insulating
in nature. To fabricate SSB, cathode layer (e.g., NaMnO2:C: PVDF) is coated on one side of the solid electrolyte
(SE) pellet and anode (e.g., Na metal) is pressed on the other side of it. This type of SSB (type-1) does not work
because there is no ionic conductivity in the cathode layer. In general, two strategies are adopted in the
literature to induce ionic conductivity. The first approach is mixing and sintering solid electrolyte (30-40%) in the
cathode layer to induce sufficient ionic wiring in the cathode?. This battery functions well but the added SE would
remain electrochemically inactive and only lead to mechanical rigidity and volume changes. In second and most
common approach (type-Il), a small drop of liquid electrolyte is added on the cathode side to induce ionic
conductivity in the cathode layer?. This is however not fundamentally different than non-aqueous batteries and
poses safety issue as reported recently3. Therefore, we fabricated SSB using a new class of aqueous binder, ICIB
which has high thermal stability (>1000°C) and intrinsic ionic conductivity?. This is classified as type-IIl SSB and
does not need addition of liquid electrolyte or SE to the cathode layer. In this type, we coated a cathode layer
of Nao.7Mno.sMgo.102 (NMO): SHMP:C on one side of SBA (sodium beta alumina) pellet and Na metal on the other
side of it. The cell worked well due to intrinsic ionic conductivity of SHMP (sodium hexa meta phosphate) binder.
SSB of type-lll are relatively safe due to high thermal stability of the binder used.

Type-| Type-li ‘
SSB:PVDF SSB:PVDF-LE
NMO:PVDF:C; 811) Cathode Cathode NMO:PVDF-LE:C; 811)
Sodium beta alumina Solid electrolyte ‘ Solid electrolyte g5odjum beta alumina
Na metal Anode Anode
Type-lll
SSB:SHMP
NMO:SHMP:C; 811) Cathode
Sodium beta alumina = Solid electrolyte
Na metal =~ Anode (Na)
References
1. Ma, Q. et al. Room temperature demonstration of a sodium superionic conductor with grain conductivity
in excess of 0.01 S cm ! and its primary applications in symmetric battery cells. J Mater Chem A Mater
7, (2019).
2. Han, X. et al. Negating interfacial impedance in garnet-based solid-state Li metal batteries. Nat Mater
16, (2017).
3. Bates, A. M. et al. Are solid-state batteries safer than lithium-ion batteries? Joule 6, 742—755 (2022).
4, Trivedi, S., Pamidi, V., Fichtner, M. & Anji Reddy, M. lonically conducting inorganic binders: a paradigm

shift in electrochemical energy storage. Green Chemistry 24, 5620-5631 (2022).
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All-solid-state batteries (ASSBs) have the potential to provide many advantages over
the currently used liquid Li-ion battery technology, including faster charging, higher
energy density, increased cycle life, reduced battery costs, and greater flexibility. [1] An
important task in the development of ASSBs is to improve the interfaces between the
Li-metal anode and/or solid-state electrolytes (SSE). These interfaces can determine
the cell properties of ASSBs, but are not well understood. Lithium phosphorus
oxynitride (LIPON) represents an interesting SSE for ASSBs and has also proven
useful as a passivation layer for Li metal anodes. [2]-[3] Experimental efforts at the Li-
LiPON interface revealed the decomposition products Li,O, LisN, LisP, and LisPO.. [4]
However, there is still a lack of deep theoretical understanding on the Li-LiPON
interface, especially on the interfacial decomposition and reconfiguration.

To take a step toward understanding ASSBs interfaces, we aim to gain a deep insight
into the interfacial stability of the Li-LiIPON interface by exploring in detail the role of
different interfacial compositions and morphology caused by decomposition reactions.
For this purpose, we investigate and characterize all possible occurring Li-LiPON
interfaces (including Li-Li-O, Li-LisN, Li-LisP and Li-LisPO,4) and LiIPON-LiPON interfaces
(including Li>O-LisN, Li.O-LisP, Li;O-LisPOa, LisN-LisP, LisN-LiPO4 and LisP-LiPO,) using
density functional theory (DFT) calculations. We believe that our study could provide a
fundamental understanding to guide the future design of solid electrolytes and

interfaces in ASSBs.
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The combination of more than one type of solid electrolyte to form a hybrid solid
electrolyte-based cell concepts are a very promising approach to realize high
performance batteries. The oxidic garnet LizLasZr2012 (LLZO), for example, has a high
electrochemical stability, most outstanding in contact with a metallic lithium anode,
making it the perfect choice as thin separator on the lithium-anode side. For the
cathode side, which is typically thicker than the separator, solid electrolytes like
LitoSnP2S12 (LSPS) have clear advantages due to their higher ionic conductivity
compared to LLZO. Furthermore, LSPS can be processed at room temperature, but
is instable upon contact with elemental lithium. Therefore, both electrolyte types can
complement each other in a hybrid battery cell. In a previous work we studied the
interface between LLZO and LSPS and could show that very low interfacial
resistances can be achieved [1]. Here, we show how a full cell, including a lithium
anode, LLZO separator, and an LSPS-based cathode with NCM811
(Nio.sC00.1Mn0.102) as active material, can be achieved and that such a cell can be
charged and discharged for more than 20 times. The cycling behavior was studied
with different applied pressures, and 12-25 MPa was identified as an optimal range.
We furthermore will discuss the implications of pressure on this hybrid batter concept
which must be carefully selected. For example, LSPS requires sufficient pressure for
proper contact between particles and to the active material, whereas too high
pressures result in short circuiting of the cell, probably due to lithium dendrite formation

during lithium plating.

1 J. Huttl, C. Seidl, H. Auer, K. Nikolowski, A. L. Gorne, M. Arnold, C. Heubner,
M. Wolter, A. Michaelis, Energy Storage Materials 2021, 40, 259-267.
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The development of commercial solid-state batteries has to date been hindered by the
individual limitations of inorganic and organic solid electrolytes, motivating hybrid
concepts. However, the room-temperature conductivity of hybrid solid electrolytes is still
insufficient to support the required battery performance. A key challenge is to assess
the Li-ion transport over the inorganic and organic interfaces and relate this to surface
chemistry. Here we study the interphase structure and the Li-ion transport across the
interface of hybrid solid electrolytes using solid-state nuclear magnetic resonance
(ssNMR) spectroscopy. In a hybrid solid polyethylene oxide polymer—inorganic
electrolyte, we introduce two representative types of ionic liquid that have different
miscibilities with the polymer. The poorly miscible ionic liquid wets the polymer—
inorganic interface and increases the local polarizability. This lowers the diffusional
barrier, resulting in an overall room-temperature conductivity of 2.47 x 10™* S cm™'. A
critical current density of 0.25 mA cm™ versus a Li-metal anode shows improved
stability, allowing cycling of a LiFePOs-Li metal solid-state cell at room temperature with
a Coulombic efficiency of 99.9%. Tailoring the local interface environment between the
inorganic and organic solid electrolyte components in hybrid solid electrolytes seems to

be a viable route towards designing highly conducting hybrid solid electrolytes.
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For all-solid-state batteries, the use of thin metallic lithium as anode holds the promise
to enable high energy density (> 500 Wh Kg™). In order to achieve stable cycling
performance and long lifetime at high current density (> 3 mA cm), the rapid failure of
the cell caused by the dendritic Li formation needs to be better addressed. [1,2] In this
work, the impacts of cell physical parameters on the short circuit are concluded.
Systematic investigation is carried out by varying (i) the protection of the edge, (ii) the
solid electrolyte thickness and densification, (iii) the applied pressure during cycling,
and (iv) the current density and area capacity. The electrochemical measurements are

performed on symmetric cells using LisPSsCl and 50 um metallic lithium coated on Cu.

The insulating polymer placed around the metallic lithium prevents the preferential
dendritic Li on edge. For the fabrication pressure of the solid electrolyte pellet, a
compromise between the thickness and porosity needs to be considered because of
their opposite effect. With low stack pressure from 10 MPa to 20 MPa, the symmetric
cells using 350 um thick LisPSsCl and a disk protective edge of HDPE exhibit reliable
plating and stripping behaviour at 0.1 mA cm= and 0.1 mAh cm2 over 500 cycles. At
increased current density (0.5 mA cm™) and area capacity (0.4 mAh cm=2), the cells
short earlier. Formation cycles at low current density helps to improve subsequent
cycling at high current density (1 mA cm). These results serve as baseline to form a
guideline toward cell configuration, assembly process and cycling conditions. Finally,
our study will contribute to improve the cycling reproducibility and provide guidance to

further improve the cycling performance of metallic lithium in all-solid-state batteries.

Literature:
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Improving the interfacial stability between cathode active material (CAM) and solid
electrolyte (SE) is required for developing high-performance thiophosphate-based
solid-state batteries. Here we report on the preparation of characterization of a
protective coating (made from preformed HfO» nanoparticles) on a Ni-rich CAM,
LiNio.85C00.1Mno.0sO2 (NCMS85), which is capable of preventing detrimental side
reactions from occurring during battery operation. The surface-modified NCMS85
shows superior performance in terms of reversibility, capacity, longevity, and rate
capability over its uncoated counterpart in bulk-type SSB cells with argyrodite LisPSsCl
as SE. The effectiveness of the nanoparticle coating in mitigating electro-chemo-
mechanical degradation was investigated using a suite of characterization techniques.
In addition, wet processing of the coated NCMS8S5 is demonstrated for slurry-cast SSB

cathodes.
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All-solid-state batteries with lithium metal as anode material are attracting more and
more attention because of their potentially higher energy, power density and safety.
Among all-solid-state batteries, solid electrolytes play the most important role. Garnet-
type solid electrolytes based on LizLasZr2012 are widely regarded as one of the most
promising solid electrolyte class due to its relatively high lithium ion conductivity, wide
voltage stability window and chemical compatibility with lithium metal. However, lithium
dendrites penetrate into garnet-type solid electrolyte during battery operation,

especially along grain boundaries, which is still not understood [1].

Mechanical and electrical conduction properties of grain boundaries in garnet-type solid
electrolyte are assigned to be the reason for lithium dendrites formation. However,
theoretical simulations and traditional electrochemical characterizations are

contradictory on grain boundaries electrical conduction [2-3].

We used operando scanning force microscopy (SFM) techniques to clarify the role of

the conduction properties for lithium dendrite formation and growth. SFM features a

high spatial resolution allowing to compare properties of grains and grain boundaries.

We found

(i) that grain boundaries and grains have similar lithium ionic conduction property.

(i) an electrical potential drop at grain boundaries close to the counter lithium
electrode. We attribute this potential drop to a stronger electron capture ability of
grain boundaries.

(iii) preferential metal lithium expulsion growth at grain boundaries under electron beam

irradiation because of different grain boundaries electron conduction properties.
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Based on these novel experimental findings, we provide a model, which explains why
grain boundaries are “hot spots” for lithium dendrite formation [4].
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Bulk-type all-solid-state Li batteries (ASSBs) are currently of great interest due to the
improved battery safety compared to conventional lithium-ion batteries containing liquid
electrolytes. [1] Furthermore ASSBs can potentially achieve higher energy densities than
state-of-the-art lithium-ion batteries. [1,2] The performance of ASSBs depends critically
on the contacts between cathode active material (CAM) particles and solid electrolyte
(SE) particles inside the composite cathodes. The Li* exchange current density at the
CAM | SE interfaces is determined by these contacts. Nonetheless experimental studies
on Li* exchange current densities are almost non-existent for ASSBs, which is most likely

due to the poor understanding of the impedance spectra of such batteries.

In order to obtain more information on exchange current densities, a comparative case
study was carried out using different cathode active materials (CAM), namely single
crystalline LiCoOz2 particles and single crystalline LiNio.s3Mno.06C00.110z2, an In-Li alloy as
anode, and a sulphide-based solid electrolyte. The determination of the cathode
exchange current density is based on: (i) Impedance measurements on In—-Li | SE | In-Li
symmetric cells in order to determine the anode impedance together with the
anode | separator interfacial impedance; (ii) Variation of the composite cathode
thickness in order to differentiate between the ion transport resistance and the charge
transfer resistance of the composite cathodes; (iii) Impedance simulations based on the
transmission-line model [3-5]. We show that under the application of stack pressures in
the range of 400 MPa, the Li* exchange current densities can compete with or even

exceed those obtained for CAM | liquid electrolyte interfaces.
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Abstract. With the significant demand for high-capacity lithium-ion batteries (LIBs) and
the integration of LIBs in essential everyday use, there is also a growing obligation to
improve the other aspects of performance and safety standards within pre-existing
LIBs. The electrolyte component in LIBs is a critical variable that acts as a medium for
the movement of ions across the battery and is a facilitating location for reactions and
side reactions such as the formation of the solid-electrolyte interface (SEI) amongst
many other functions [1,2]. Sufficient evidence and documentation suggest there have
been successes for well-established liquid electrolytes in revealing optimal
performances within LIBs. However, the solvent composition of liquid electrolytes gives
way to questionable drawbacks. As such would be the combustible and toxic properties
of organic solvents consequently leading to fires, explosions, and electrolyte leakage
whilst aqueous solvents tend to decompose at high working voltages thereby restricting
the energy density of the battery As an alternative to liquid electrolytes, solid polymer
electrolytes (SPEs) are effective at assisting the transfer of ions and functioning as a
separator in lithium-ion batteries (LIBs) with the added safety. SPE membranes,
derived from a mixture of polyvinylidene fluoride (PVDF) with poly(vinylpyrrolidone)
(PVP) or poly(4-vinylpyridine) (P4VP), were prepared to examine their efficacy after the
addition of a Li salt, namely lithium bis(trifluoromethanesulfonyl)imide (LiTFSI).
Characterization results obtained from Fourier-transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD) studies revealed transformations to an amorphous structure
induced by the addition of LiTFSI. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were carried out to determine the performance of the SPE
membranes, which showed enhanced heat resistance and inhibition of PVDF
endotherms with higher levels of LiTFSI added. In terms of mechanical property, higher
LiTFSI quantity was found to be unfavorable due to the reduced tensile strength.
Moreover, the addition of LiTFSI was shown to boost dielectric and conductive
properties within a wide working voltage range of 0.5-3.64 V vs. Li*/Li. The effects of
incorporating metal oxides (Al203, SiO2, ZrOz2) as additives in SPE membranes were
also investigated.

Keywords. Solid Polymer Electrolytes; PVDF blends; LiTFSI salt; thermal stability;
dielectrics; electrochemical stability.
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Thermal transport in solid state battery materials: A case study of NazPS4
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The transport of charged particles (electrons and ions) through a material results in the
generation of heat due to the various microscopic interactions broadly categorized as
resistance. Known as Joule heating, the rate at which electrical energy is converted to
thermal energy is proportional to both current and voltage, meaning that “high-rate” and
“high-voltage” batteries will inherently generate more heat. Additionally, this thermal
energy generated inside the battery will tend to accumulate over time if the rate of heat
removal is slower than the rate of production. The intrinsic ability of battery materials to
dissipate heat depends on the magnitude of their effective thermal conductivity, where
higher thermal conductivity is desirable for faster heat removal. Altogether, the thermal
management of a battery is necessary to control the operational temperature, suppress

degradation and prevent battery failure.

While thermal management is actively considered in conventional Li ion batteries, it is
rarely discussed in solid state batteries, in part due to the limited knowledge of the
thermal transport properties of its components. In this work, the thermal conductivities
of NasPS4, representing a model system for moisture sensitive solid electrolytes, have
been determined experimentally as a function of sample porosity. Overall, thermal
conductivities comparable to liquid electrolytes can be found, showing that heat
generation at the electrochemical interfaces in solid state batteries can be expected.
The presented experimental procedures can be easily extended to other material
systems, e.g., the Li argyrodites, using common techniques of thermal conductivity

analysis.

In addition to the case study of NasPS4, a general perspective about thermal

management in solid state batteries is given in this work.
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Solid electrolyte based on 2-adamantanone for all-solid-state
lithium-ion batteries
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Materials IFAM, Wiener Stral’e 12, 28359 Bremen

All-solid-state batteries (ASSBs) are a viable option for next generation batteries.
Advanced features of ASSBs over the state-of-the-art Li-ion batteries include enhanced

intrinsic battery safety and increased energy density.

Within the recent past, several material
classes, such as oxide ceramics,
sulfides and polymers, have attracted a
lot of attention with prominent

representative materials in each class

being investigated intensively, with

Fig. 1 Photograph of a pressed pellet

each material having certain

advantages and disadvantages. containing 2-adamantanone and LiTFSI

Besides the established material classes, plastic crystals, organic compounds of low
molecular weight, have recently garnered attention. Similar to polymer-based
electrolytes, they work as a suitable matrix material to dissolve Lithium salts and
achieve high ionic conductivity. Furthermore, their organic nature and facile processing

opportunities make them a cost efficient option for solid-state electrolytes.

Within this contribution, a new plastic crystal, 2-adamantanone, is introduced as basis
for a solid electrolyte. Its large temperature window from -95 °C to +255 °C for its
plastic (conductive) state and the high dipole moment of 3.4 D make it a promising

material for battery application. [1]
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Defect Chemistry and lon Transport in Low-Dimensional-Networked Li-Rich Anti-

Perovskites as Solid Electrolytes for Solid-State Batteries

A. Dutra, Newcastle/UK, J. Dawson, Newcastle/UK
Ana Dutra, Newcastle University, Edward's Walk, NE1 8QB Newcastle

Face the current climate emergency, solid-state batteries have been attracting
significant attention due to a plethora of potential advantages, such as energy density
gains, reduced costs, and safety enhancements. [1] In recent years, Li-rich anti-
perovskites have stood out as promising solid electrolyte candidates as they combine

high ionic conductivity, stability against Li metal anodes and structural versatility. [2]

Here, defect simulations are used to explore the energetics of defect formation in a
range of LixOXy (X = Cl or Br; x = 3-6; y = 1-4) anti-perovskites with zero- to three-
dimensional structures. Defect calculations are conducted utilising the Mott-Littleton
approximation and Dick and Overhauser’s shell model was used to account for ionic
polarization. The range of defects investigated includes full, Li-halide and Li-O Schottky
defects and Li Frenkel defects. Our calculations predict that whereas almost all these
materials present Li-halide Schottky defect pairs as dominant native defects, CI
interstitials are the dominant type of intrinsic disorder in LisOCls. We find that the
formation of all defect types is energetically more favourable in the LixOCly series
compared to the equivalent structures in the LixOBry set, potentially leading to
enhanced Li-ion transport in these materials. We also report that concentrations of
antisite defects in the LixOBry set are lower than expected, based on the LixOCly series
findings for counterpart structures. Molecular dynamics simulations are currently

ongoing to assess ion transport in these materials.
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Garnet Li7La3Zr2012 based electrolytes for all-solid-state lithium-ion batteries
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The rapid development of electronic devices and electric transportation increases the
demand for safe and high energy density rechargeable batteries. All solid-state
batteries comprising of solid-state electrolytes, such as ceramic electrolytes and
polymer electrolytes, can meet these requirements. The electrochemical stability of
solid-state electrolytes enables the use of lithium-metal anodes and high voltage
cathodes to increase the energy density in lithium-based batteries.

Garnet Li7La32r2012 (LLZO) ceramic electrolyte constitutes one of the most promising
solid-state electrolytes for all-solid-state batteries. This is due to its good ionic
conductivity, convenient stability against lithium metal anodes, and a wide
electrochemical window of operation [1]. However, the use of LLZO ceramic
electrolytes in all-solid-state batteries remains a challenge. This is because the hard,
brittle and rigid nature of LLZO results in high interfacial resistance and poor physical
contact with both electrodes. To address these challenges, polyester and
polycarbonate-based polymers are incorporated in the garnet Al-doped LLZO ceramic
electrolyte with the ambition of leveraging on the advantages of these polymers to
fabricate a ceramic-polymer composite electrolyte with improved performance [2,3].
Additionally, the problematic lithium carbonate formation on the LLZO surfaces when
exposed to moist air hinders the full development of the LLZO electrolyte. The effect of
the modification of the LLZO surface with conductive species to improve the interfacial
properties of the electrode-electrolyte and ceramic-polymer interfaces is also
investigated.
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Pressure induced strain engineering of ion transport in Li* argyrodites
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The understanding and development of Li* solid ionic conductors are important for
solid-state batteries[1]. In the search for novel solid electrolytes for solid-state batteries,
lithium argyrodite ionic conductors have been in recent focus owing to their high ionic
conductivities and processability[2]. Although atomic site disorder has been
systematically studied in these materials[3], the influence of internal strain resulting
from microstructural defects such as dislocations has not. Characterizing the effects of
internal strain on ion transport is particularly important given the prevalent use of high
energy ball milling in the synthesis and processing of solid-state electrolytes for solid
state batteries[4], [5]. In this work, we systematically study the effects of internal strain
on the bulk ionic transport of the LisPSsBr argyrodite. We are able to reproducibly
induce internal strain by applying uniaxial pressures of 250 — 1500 MPa. Quantification
of the bulk internal strain occurs in parallel with a local structural analysis by pair
distribution function analysis. The changing ionic conductivity of the different materials
is assessed by electrochemical impedance spectroscopy and the lithium-ion mobility is
probed by NMR spectroscopy. Together, these results show that the high lithium-ion
mobility in LisPSsBr is quantifiably affected by external pressure that results in straining
of the material. Not only does this work show that strain engineering may be a new
methodology for tuning ion conductors without changing the composition of the material
itself, it also shows that the external pressures during solid state battery formation may

affect the solid electrolyte permanently.
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plastic-crystalline electrolytes for batteries
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lon-conduction in the solid-state, in so-called solid-electrolyte materials has been under
intense (re)investigation in the past decade, motivated by potential applications in
batteries and other electrochemical devices. One emerging theme of research lately
consists in the attempts to establish a link between the lattice dynamics (i.e. phonons,
incl. anharmonicity) and the atomistic processes of ion transport [1]. Particularly, many
solid electrolytes under study can be considered molecular-ionic crystals of the mobile
cations (Li*, Na*) and polyanions (e.g. PSs*). In this context, the role of rotational

vibrations of the polyanion on the cation long-range conduction are being studied [2].

In certain cases, said molecular crystals can undergo first-order transitions to
mesophasic polymorphs called “plastic crystals”, with structure, dynamics and
properties in between those of classical solids and classical liquids. One such example
is y-NasPS4, stable at ~500<T<750 °C at ambient pressure [3,4]. The local structure of
plastic crystals is liquid-like with anions and cations exhibiting incoherent, diffusive
dynamics: translational for the cations and rotational for the polyanions. Consequently,
such plastic-crystalline polymorphs typically exhibit large ionic conductivity/diffusivity,

making them appealing as electrolytes for electrochemical applications.

This work aims to better understand the factors that lead to the existence/stabilization
of plastic polymorphs with the main goals of 1) understanding the interplay between
anion-cation dynamics, 2) discovering new plastic-crystalline electrolyte materials and

3) rationally depressing the plastic-transition temperature for these systems.
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Sodium-ion batteries (SIBs) are an emerging post-lithium technology considered
ecologically and economically favorable with respect to raw material abundance and
cost [1]. Conventional cell configurations use flammable liquid electrolytes and are
susceptible to a high degree of dendrite formation against sodium metal [2].Chemically
stable solid electrolytes (SE) with a high ionic conductivity are promising for enhancing
the safety and operating lifespan of SIBs. NasZr:Si2PO12 is a promising SE with a

scatter of reported conductivities obtained via different processing conditions [3].

Herein, the effect of three processing routes on the structure and conductivity of
NasZr2Si2PO12, NaszaZr2Si24PosO12, and a range of doped (Mg, Mo, and F)
compositions was investigated by employing X-ray Diffraction (XRD), 2Na Nuclear
Magnetic Resonance (NMR) relaxometry and Electrochemical Impedance

Spectroscopy (EIS).

Different processing conditions for the parent NasZr2Si2PO+12 result in variations in the
conductivity over an order of magnitude, whereas the highest ionic conductivity of 3.5
mS/cm was observed in the Mg-doped composition NassZri.sMgo.2Si2.2Po.sO12. 23Na
NMR relaxometry probes the hopping rate of the sodium ions from one interstitial site to
another and reveals several temperature-dependent Na* hopping processes. These
insights allow us to correlate the structure and dynamics of the systems and are
therefore valuable in developing strategies for optimizing the conductivity and

improving the next generation of solid electrolytes.
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Solution-Processed Non-Crystalline Thin Film Solid Electrolytes for
Li and Na Metal Batteries
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Advanced batteries containing lithium and sodium metal anodes (LMA and NMA) are
needed to enable the clean economy and meet ambitious climate targets. Currently,
both LMA and NMA batteries are limited by dendrite propagation due to the non-
uniform plating and stripping of Li and Na, which is detrimental to cell performance.
The non-crystalline solid electrolyte (SE), lithium phosphorus oxynitride (LIPON) has
demonstrated stable Li plating/stripping at appreciable rates, aiding in the inhibition of
dendrite propagation. However, LiPON is typically produced via expensive and low

throughput vacuum deposition methods, limiting its wide application and study.

Here, we report a study on non-crystalline thin films with the compositions, Li-Al-P-O
(LAPO) and Na-Al-P-O (NAPO), which are synthesised via spin coating from aqueous
solutions and subsequent annealing in air. Homogenous, dense, flat layers can be
synthesised with sub-micron thickness at temperatures as low as 230 °C (LAPO) and
300 °C (NAPO). We have demonstrated a relatively high room temperature ionic
conductivity (gion) (>107 S cm™") for LAPO, with a 3-fold reduction for NAPO (~10-1° S
cm™'). We will discuss the various approaches used to optimise the oion of LAPO,
including compositional engineering, and controlled thermal processing conditions.
Utilising EIS and in-situ XPS with Li deposition we report that in contact with Li metal,
LAPO is found to form a stable, but high impedance passivation layer comprised of Al
metal, Li-P and Li-O species. Our findings relating to LAPO should be of value when
engineering non-crystalline SEs for Li-metal batteries with high energy and power
densities. Whilst the current findings relating to NAPO are promising, future work
improving the ogion, as well as investigating the stability with Na, will provide valuable

information regarding the use of NAPO in Na-metal batteries.
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Highly Conducting Argyrodite Based Composite Membranes with

Excellent Mechanical and Electrochemical Behaviour
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Abstract:

Due to the current trend in the energy transition from the fossil fuel-based system to
the renewable resources as well as the increased energy demand, there is an
increasing interest in developing all-solid-state lithium batteries (ASSLB). They not only
can exceed the energy density of conventional LIBs with liquid electrolyte, they are
also much safer due to the use of a solid electrolyte (SE).! However, there are three
main problems: (1) the inevitable parasitic reactions at the interface between the SE
and the electrode material, (2) the electrochemical stability of the electrolyte and (3)
dendrite growth. A promising solution is the use of polymer-based hybrid solid
electrolyte that can provide sufficient mechanical stability and inhibit the dendrite
growth.3# In this study, a new scalable fabrication route for flexible thiophosphate-
polymer separator membranes is demonstrated. By infiltrating different commercially
available porous polymer membranes with highly conductive LissPS45Cl1i5
(~10mS/cm)?, an ionic conductivity of 1mS/cm is realized. The different 3D structures
of the polymers can have an influence on the infiltration process and thus on the
electrochemical properties of the membrane. Nevertheless, we have been able to
perform a homogeneous infiltration with subsequent cold pressing and produce flexible
thiophosphate-polymer hybrid separators with promising electrochemical behaviour for
ASSB:s.
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Sequential deposition synthesis (SDS) is a recently-discovered technique that allows
a solid-state electrolyte layer to be fabricated directly from a liquid precursor which is
then atomized onto a heated substrate where the solvent evaporates and the precursor
salts decompose to form a conformal layer. LizLasZr2012 (LLZO) is a promising material
that has seen much interest in the battery field but has challenges to synthesize this
layer between 5-15 ym thick which SDS is capable of fabricating. LLZO films were
fabricated directly onto a porous substrate that was infiltrated with a polymer gel
electrolyte and the cycling performance was demonstrated in a full cell using Li metal
anode and lithium cobalt oxide (LCO) cathode. The cycling performance is discussed
in reference to state-of-the-art performance in the battery field and post-mortem

analysis on the cells is performed to elucidate failure mechanisms.
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Defect chemistry and disorder in LisAlP2 Solid electrolytes
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The material development of solid electrolytes is a critical challenge for advanced
batteries, as it could enable a Li metal anode as well as improved safety. However,
stringent requirements such as high ionic conductivity, stability against Li metal and
ability to inhibit Li dendrite growth hinder commercialization [1]. Sulfides, oxides and

phosphides are popular solid electrolyte candidates which are widely studied.

Phosphides are selected in this study because of its numerous desirable features, such
as easy processing, elemental abundance as well as formation of a LisP interlayer
phase when reacted with Li metal [2]. As we show, these materials are also amenable
to mechanochemical processing, allowing metastable phases to be accessed. However,
their defect chemistry is poorly understood as is how to engineer these materials as
solid electrolytes.

In this work, we study the crystallinity and defect chemistry of LisAlP2, which had
previously been reported as an ionic insulator [3], through mechanochemical synthesis
and post-annealing as well as theoretical calculations. The ionic conductivity and
electronic conductivity are measured for a range of Li stoichiometries with various
degrees of crystallinity. We show that crystalline LisAIP2 forms above 500°C, and
although it can be engineered to have measurable ionic conductivity (~108S/cm), two
orders of magnitude higher ionic conductivity can be achieved in the disordered phase,
formed via mechanochemical synthesis without post annealing. These results should
motivate the study of other ion conductors whose crystalline phases have poor ionic
conductivity and expand our library of solid electrolytes.
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All-solid-state lithium-ion batteries (ASSLIBs) with solid electrolytes (SEs) are
promising candidates for high density applications e.g. electric vehicles, along with
their higher safety compared to organic liquid electrolytes [1]. Different types of SE
chemistries have been of interest for their potential application within ASSLIBs i.e.
sulfides, oxides, halides, etc. Despite several advantages, an important aspect
currently neglected by the scientific community is the use of several critical elements
(i.e. lithium, rare earth elements, cobalt, ...) within such ASSLIBs, which are necessary
to the development and industrial scale application of such batteries. Hence, it is
important to address the issue of recycling and thus the sustainability of these valuable
materials [2]. In this contribution, different recycling strategies have been developed
with respect to two promising SEs, LisxLay;sxTiO3 (LLTO) and LisInCls. Here, LisTisO12
(LTO) and LiFePO4 (LFP) were used as the anode and cathode material, respectively.
For the LLTO containing system, a hydrometallurgy-based approach using H,SO4 was
found to be suitable for the recovery of all the cell components. In comparison, a direct
recycling approach based on solution separation using H,O for halide-based Li3InClg
was developed, that allowed the separation of the electrolyte from the active electrode
materials. Additionally, different electrode materials i.e. LTO, LFP, LCO and NMC were
combined with Li3InCls to confirm the compatibility of the process. The recovered
materials were characterized for their phase purity via X-ray diffraction along with their
electrochemical properties via electrochemical impedance spectroscopy. The process

developed here has a potential for large scale application.
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Polymer electrolytes (PEs) belong to the most promising Li-ion conductors, and are
cheap, flexible, and have better physical interfacial contact with electrodes compared to
ceramic-based electrolytes. However, these PEs, in particular polyethylene oxide
(PEO)-LITFSI electrolytes show a high crystallinity, restricting the segmental motion of
ether groups and thus resulting in a poor ionic conductivity at ambient temperature.
One solution is the incorporation of ceramic filler particles into the polymer matrix to
hinder crystallization of the polymer.

Herein, a novel hybrid electrolyte based on a cross-linked copolymer (pentaerythritol
tetraacrylate (PETEA) + tri(ethylene glycol) divinyl ether (TEG)), polymer-grafted
oxide filler particles (functionalized LizLasZr2012 (F-LLZO)), and Li conducting salt is
introduced. The electrolyte shows ionic conductivity of 1.1 x 103 S cm™ at 20 °C, which
is 100 times higher than that of a PEO-LITFSI electrolyte. The ionic conductivities of
polymer-based electrolytes and the developed hybrid electrolyte were compared (Fig.
1). The electrochemical properties of the developed cross-linked polymer-based
electrolytes as alternative to PEO-based electrolytes will be presented with their

potential application in Li-S batteries.
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The world is currently facing the challenges of the energy transition, which came faster
than expected. With the political limitation of fossil energy sources, the importance of
energy storage increases dramatically. The effective and safe storage of electrical
energy from green sources would create a real alternative to fossil fuels, and
accessibility in a larger scale can be achieved. Researching effective energy solutions
is the way out of the dependence on fossil fuels, building the basis of a future with the
same life standards that society is used to. The state of the art battery is the lithium ion
battery, which possess safety concerns regarding toxic decomposition products that
can be produced from the reactivity of the anode against the electrolyte. Another risk
of lithium batteries is their flammability, which leads to a catastrophic failure and poses
health risks. To minimize those problems, all-solid-state batteries are being intensely
researched. In these systems, the liquids are substituted by solid alternatives, such as
solid polymer electrolytes. In this project, solid electrolytes based on PAN were
synthesized using electrospinning with the goal of a solid electrolyte with high
conductivity and high thermal and mechanical stability.

Systems with different
PAN to PEO ratios were
investigated in this
work. A change in the
conduction mechanism
was found for samples
with a ratio  of
50:50 wt % PEO:PAN. ) = 5
The products were characterlzed by X -ray dlffractlon and their conductivity was
determined by impedance spectroscopy. Furthermore, the activation energies for the
conduction processes in these materials were determined using the Arrhenius
equation. The fibers were analyzed using SEM. Increasing the PAN amount from
30 wt % to 50 wt % showed a great impact in mechanical stability and conductivity of
the electrolyte. A conductivity of 102 S/cm at 55 °C was reached. The membranes
showed a dense fiber structure with an elastic character.
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Solid state batteries lithium-ion batteries (SLIBs) are envisaged as next-generation to
current liquid electrolyte based batteries due to their supposed enhanced safety. The
search for solid electrolyte materials is a very active research topic due to several
reasons. Firstly, the material needs to have appropriate lithium-ion conduction while
having good chemical/ electrochemical stability. Secondly, the material should have
decent mechanical properties, so it would be possible to sinter it under reasonable

conditions. [1]

In order to chemically tailor improved materials for SLIB electrolytes, it is
important to be able to separate and quantify the different contributions of the solid
electrolyte’s overall lithium-ion conductivity. Consequently, the first aim of this study is
to separate grain and bulk ionic contributions of different popular sulphide-based
electrolyte materials (LisPSa4, LisPSsCl, Li1oGeP2S12, LizP3S11) using electrochemical
impedance spectroscopy (EIS), and subsequent analysis via the distribution of

relaxation times (DRT).

Secondly, it is important to analyse the sintering procedure for different
electrolyte materials as the voids resulting from improper sintering lead to lower the
ionic conductivity or even lead to crack formation during electrochemical cycling. In this
work the electrolyte’s sintering procedure’s influence both on the ionic conductivity and
the microstructure was studied using EIS coupled with DRT and scanning electron

microscopy.

[1]1 L.R. Mangani, C. Villevieille, Mechanical vs. chemical stability of sulfide-based solid-state-batteries.
Which one is the biggest challenge to tackle? Overview of solid state batteries and hybrid solid state
batteries., J. Mater. Chem. A. (2020). https://doi.org/10.1039/d0ta02984j.
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The flammable and volatile nature of liquid electrolytes based on non-aqueous organic
solvents is a major drawback in lithium-ion batteries, which causes a safety deficiency,
degradation processes, and dendrite growth. As an alternative, polymer electrolytes
exhibit advantages in terms of safety, density, flexibility, and lithium dendrite
suppression [1]. Poly(ethylene oxide) (PEO)-based solid polymer electrolytes belong
to the most popular electrolytes, but their fundamental ionic conductivities are too low

for practical battery applications.

The amorphous state of a PEO-based matrix was enhanced by the addition of a novel
plasticizer in order to increase ionic mobility and electrochemical performance. The
synthesized plasticizer 4,7,10,13-tetraoxahexadecane-1,16-dinitrile (0 CN-PEG4) and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) were incorporated into an acrylate-
based polymer matrix. The quasi-solid polymer electrolyte (QSPE) was prepared by
UV-induced copolymerization and exhibited a highly uniform morphology, high thermal
(> 200 °C) and electrochemical stability (> 5V vs. Li/Li*), the ionic conductivity of
1.3 x 103 S cm™ at 80 °C and a low glass transition temperature (— 55.7 °C). Overall,
the QSPE meets the requirements for an application in solid-state lithium-ion batteries
and shows the capability of the plasticizer bCN-PEG4 to enhance important properties
of PEO-based electrolytes.

Literature:
[1] E. Quartarone and P. Mustarelli, J. Electrochem. Soc., 2020, 167:050508.
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Solid-state lithium batteries are becoming a mature technology with potential use in
stationary and electromobility applications thanks to the advances on new highly-
conducting solid electrolytes. Oxide and phosphates have appealing properties as solid
electrolytes, exhibiting high Li ion conductivity, wide electrochemical stability and
compatibility with Li metal anode. For practical application in a solid-state device, these
materials need to be densified under high temperatures above 1000°C. Such
requirement hampers their processing into composite cathodes with active materials
usually having a narrower thermal stability, thus being a bottleneck for the upscaling of
the technology.

In this work we will discuss our recent findings regarding oxide and phosphate-based
ion-conductors, including the recent synthesis and characterization of a new form of
crystalline LiPON [1]. Besides, we will focus on the impact that the processing of garnet-
type electrolytes under temperatures below 500 °C has on the ionic conductivity, taking
a close look to the grain growth and boundary interconnection as main responsible for

the ionic conductivity.

Literature:

[1] P. Lépez-Aranguren, M. Reynaud, P. Gtuchowski, A. Bustinza, M. Galceran, J-M.
Lopez del Amo, M. Armand, M. Casas-Cabanas, ACS Energy Letters 6 (2021), 445-
450.
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Naz2.9SbosWo.1S4 is up to date the best conducting sodium solid electrolyte with a
conductivity of 41 mS/cm at room temperature. [1] But the underlying factors for the
remarkably high conductivity are still not completely understood. While pristine NasSbS4
crystallizes in a tetragonal structure, the substituted Naz2.9Sbo.oWo0.1S4 seems to exhibit a
cubic structure based on its X-ray diffractogram. By allowing 3D diffusion pathways, the
cubic structure was assumed to be one driving forces for the conductivity enhancement
in Naz2.9Sbo.sWo.1S4. [2]

Here, we show by performing pair distribution function (PDF) analysis that the near-range
order of Na2.9Sbo.9Wo.1S4 remains tetragonal despite the change in the Bragg diffraction
pattern. The introduction of vacancies and W-Sb site disorder disturbs the tetragonal
motif leading to a cubic average structure, a similar effect as previously observed for ball-
milled NasPSa. [3]

While showing no differences in the local structure, quasi-elastic neutron scattering
(QENS) and nuclear magnetic resonance (NMR) measurements revealed drastically
improved diffusivity and decreased activation energies for Na29Sbo.osWo.1S4. These
results underline that aliovalent substitution does not only increase the concentration of
charge carriers but also affects the ionic diffusion.

This work emphasizes how important the investigation of local structure and transport is
for assessing structure-transport relationships in order to improve current solid

electrolytes.

Literature:

[1]1 T. Fuchs et al., ACS Energy Letters 2019, 5.1, 146-151.

[2] A. Hayashi et al., Nature communications 2019, 10.1, 1-6.

[3] T. Krauskopf et al., Inorganic chemistry 2018, 57.8, 4739-4744.
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Compared to conventional lithium-ion batteries containing liquid electrolytes, all-solid-
state batteries (ASSBs) exhibit potentially a higher safety and a higher energy density.
The research in this field was boosted by the discovery of sulfide-based crystalline
solid electrolytes with ionic conductivity in the range of 10-25 mS/cm [1,2] However, in
the case of crystalline solid electrolytes, much effort has to be put in finding optimized
annealing protocols at elevated temperatures in order to reduce grain boundary
resistances. Amorphous solid electrolytes, like Li2S-P2Ss-based glasses, which can be
easily synthesized, e.g. by mechanical milling [3], do not exhibit grain boundary
resistances, but the bulk ionic conductivity is often lower than for the crystalline
counterparts. The addition of Lil increases the ionic conductivity [4] and lowers the
interfacial resistances in contact to metallic lithium.[4,5]

In this work, we show that the ionic conductivity of solid electrolytes in the system
0.33 Lil + 0.67 LisPS4 can be increased by a factor of about 7 by means of a short
annealing step, while the sample is still mostly amorphous. The combination of
electrochemical impedance spectroscopy, powder X-ray diffractometry, ‘Li NMR
spectroscopy and positron annihilation lifetime spectroscopy shows that the increase
of the conductivity is caused by an annealing-induced formation of monovacancies in
the bulk amorphous phase.[6] Our results show that amorphous electrolytes in the
system 0.33 Lil + 0.67 LisPS4 are promising materials for ASSB applications.

Literature:

[1] R. Kanno, Nature Materials 2011, 10, 682 — 686. [2] Y. Kato, Nature Energy 2016, 1, 16030.
[3] J. Trevey, Electrochem. Comm. 2009, 11, 1830 — 1833. [4] S. Uijiie, J. Solid State
Electrochem. 2013, 17, 675 — 680. [5] E. Rangasamy, J. Am. Chem. Soc. 2015, 137, 1384 —
1387. [6] S. Spannenberger, V. Mi}, Solid State lonics 2019, 341, 115040.
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Solid-state electrolytes are crucial for next generation batteries. Their compatibility with
Li metal and sulfur cathode make them suitable for high-capacity batteries such as Li-S
batteries. Also, they could potentially lead to safer batteries by eliminating the use of
flammable organic solvents in current electrolytes, and minimizing/elimination
dendrites. Complex hydrides such as LiBHs4, NaBH4, and LiCB11H12, have recently
gained attention as solid-state electrolytes due to their attractive ionic conductivity and
good interface properties arising from their softness. However, increasing their often
poor room temperature ionic conductivity, is pivotal to application, hence the focus of

several research groups.

In this contribution, | will show that the room temperature ionic conductivity of complex
metal hydrides can be increased to several orders of magnitude via nanocomposites
formation with metal oxides [1-2]. Interestingly, the nanocomposite electrolytes show
better performance in all-solid-state Li batteries than the pure compounds[1, 3]. Using
selected examples and a variety of characterization techniques, | will discuss how the
ion conductivity enhancement is related to structural/polymorphic phase stabilization, or
interface reaction leading to high defect concentration and/or formation of tertiary
phase(s) at the hydride/oxide interface [3-5]. Finally, | will show that the effects are a

complex interplay between the properties of the metal hydride and the oxide.

Literature:
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Assembling the electrode and electrolyte films with desired structure and phase is
essential to design a thin-film based all-solid-state Li-ion battery (SSB) for high power
and energy densities, and good cycle stability. Solid electrolyte film has to be thin
and highly ionic conductive in order to enhance the Li ion transport properties across
the electrolyte, and a dense and defect free structure is required to suppress the
internal Li dendrite formation. Among the solid electrolytes, ceramic Li-garnet is a
promising candidate for SSB due to its high Li-ion conductivity and structural and
electrochemical stability in a wide range of temperature and working voltage. One
way to achieve a cubic phase of Li-garnet thin-film with ~103 S/cm of Li-ion
conductivity is introducing multilayer of LisN as Li reservoirs into a Li-garnet film
through pulsed laser deposition (PLD) technique. However, this approach leaves a
nanoporous structure inside the film formed by decomposing of LisN layers during a
post annealing process. Although closed pores formed in the Li-garnet film have not
affected its Li ionic conductivity significantly, it could give other potential issues such
as providing sites for Li dendrite growth. Here, we developed a new thin-film
fabrication technique to control the porosity of the Li-garnet film while keeping the
desired cubic phase with high Li ionic conductivity. We investigated how this new
ceramic processing approach affects the atomic structural properties and the
correlation with its Li ion transport kinetics. This gives a new perspective on
developing advanced Li-ion solid-state electrolyte thin-film, which can contribute to
designing safer and longer cycle life of SSB architecture allowing more room for

cathode volumes.

-139-



Effects of Mechanical Reinforcement utilizing Polymer Blends,
Inorganic Fillers, and Block Copolymerization in Bottlebrush

Polymer Electrolytes

J. Petry, Dr. H. Erabhoina, M. Dietel, Prof. Dr. Mukundan Thelakkat
University of Bayreuth, Universitatsstra3e 30, 95447 Bayreuth

All-solid-state lithium-metal batteries (ASSLMB) are of high research interest in the
field of electrochemical energy storage, due to improved safety aspects and increased
energy density. In this regard, polyether-based solid polymer electrolytes are often
used because of their low glass transition temperature as well as high solubility and
capability of dissociating of lithium salts. However, at high molecular weights,
poly(ethylene oxide) (PEO) shows a high degree of crystallinity which limits the
application to temperatures above its melting point of around 65 °C. [1] Contrarily, low
molecular weight poly(ethylene glycol) (PEG) exhibits improved low temperature
applicability at the expense of reduced mechanical strength.

Bottlebrush polymers enable high molecular weight polymers with reduced
crystallinity, yet the mechanical stability of such bottlebrush polymers is insufficient.
Therefore, we compared three different strategies to improve the mechanical
properties of bottlebrush polymers. [2,3] Firstly, the bottlebrush homopolymer
(poly(Nb)so-graft-PEGME) was blended with polynorbornene (poly(Nb)eo), secondly
TiO2 nanoparticles were added as fillers, and thirdly a block copolymer was prepared
to yield poly(Nb)so-graft-PEGME-block-(Nb)ss. The incorporation of reinforcing
constituents resulted in increased storage and loss moduli, with a maximum increase
by two orders of magnitude for the bottlebrush block copolymer. Both the bottlebrush
homopolymer and the reinforced electrolyte systems showed similar specific capacities
in all solid state lithium metal battery cycling experiments, indicating that battery

performance is not compromised by fillers or by the block copolymerization strategy.
Literature:

[1] L. Stolz, J. Phys. Chem. C, 2021, 125, 18089-18097 [2] A. Butzelaar, ACS Appl.
Mater. Interfaces 2021, 13, 39257-39270 [3] X. Judez, Solid State lon. 2018, 95-101.
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Solid-state polymer electrolytes show great potential for next-generation high-energy
rechargeable lithium batteries due to the advantages of high safety, good mechanical
flexibility, and easy film-formation ability. Among all the polymers, polyethylene oxide
(PEO) is demonstrated to be a feasible polymer host, based on its high dielectric
constant and strong lithium salt dissolving ability. However, the practical application of
PEO in all-solid-state lithium batteries is limited mainly by its low ionic conductivity at
room temperature, resulting from its semi-crystalline character. In this study, we
synthesized a solid polymer electrolyte based on a vinylphosphonate backbone
functionalized with oligoethylene oxide side chains. Hereby, the side chains are
responsible for the ionic conductivity, while the phosphonate polymer backbone
contributes to high chain flexibility, electrochemical stability and flame retardancy,
therefore increasing the safety aspect. The resulting polymers are characterized via
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and size-
exclusion chromatography (SEC). Consequently, polymer films are prepared by
solution-casting with LiBF4, LiClO4, LiOTf and LiTFSI. The resulting polymer films are
analyzed by electrochemical impedance spectroscopy (EIS). The polymers are
thermally stable up to 260 °C and exhibit a low glass transition temperature (T4) of
—67 °C while no melting temperature (Tm) is observed, therefore lacking any crystalline
domains. With the precisely adjustable catalytic polymerization the synthesized
polymers can be optimized in their mechanical and electrochemical properties by
introducing various side chains at the phosphonate unit without affecting the
polymerization procedure. The completely amorphous character of the free-standing
polymer films is one major advantage over pure poly(ethylene oxide) (PEO) as the ion
conduction occurs in the amorphous regions of a polyelectrolyte. In addition, the low Tyg
indicates high chain flexibility, resulting in high ionic conductivity already at room

temperature.
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All-solid-state lithium-ion batteries (ASSLIBs) attract huge interest of researchers and
battery manufacturers since they are the most promising candidates for future safe
energy storage devices with high energy density for electric transport [1]. However, an
important obstacle for wide commercialization of sulphide-based solid electrolytes
(SSEs) for LIBs is their extremely high reactivity with traces of humidity leading to toxic
H2S evolution. Therefore, a deep understanding of reactivity of SSEs with water is a key
factor to optimise intrinsic characteristics of SSEs as well as a production process of
ASSLIBs ensuring its safety and reliability. Very limited amount of literature data is

available on the topic [2, 3].

In this work, reactions between SSEs and water were investigated with high precision
using a home-made test assembly. Commercially available SSEs, such as LisPSs,
LizP3S11, Li1noGeP2S12, LisPSsCl and LisPSsBr were investigated at different scales (from
few milligrams to 1g). The developed test assembly is based on gas flow-through cell for
the analysis of SSE powders and pellets and continuous H2S measurements thanks to
ultra-sensitive laser detection equipment. Specific attention was paid to reproducibility of
the results. The levels of humidity were chosen to mimic a dry room atmosphere. A
strong relationship was found between the composition of SSEs, their surface area and
reactivity towards humidity. Passivation phenomena were observed in some cases upon
exposure to H20. Additional advanced characterisation methods helped to understand
the differences in reactivity of SSEs with water.

Literature:
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All-Solid-State-Batteries (ASSB) are promising candidates for the next generation of
batteries due to the favourable properties of solid electrolytes (SE) regarding safety
concerns and due to the potential usage of a Li metal anode. Nevertheless, several
challenges remain, like maximizing the ionic conductivity while simplifying the
synthesis route to make it applicable at industry scales. [1] Argyrodite-type SEs
LisPSsX (X=CI,Br,1) are of great interest, since fast ion transport (1073—
102 mS-cm™") together with good mechanical properties can be achieved from
inexpensive educts. The conductivity may be further enhanced by cation doping or by
preparing halide-rich Lis-xPSs-xX1+x (> 1072 mS-cm™') SEs. However, it is important to
note that these high conductivity values are only achieved by multi-step syntheses
and by solid electrolyte pellet annealing prior to measurements, which impedes

industrial application. [1-3]

In this work, we present a simple synthesis of glass-ceramic (GC) Lis.3PS4.3Cl1.7
(LPSCl+.7) via mechanochemical ball milling. Impedance measurements of a cold-
pressed SE pellet yield a Li* conductivity of 4.4 mS-cm™" at room temperature, hence
it is a promising contestant for the application in ASSB alongside with GC-
Lis.sPS4.3CIBro.7 (previous work). [4] We also show results for the pressure-
dependent conductivity of cold-pressed LPSCli.7 between two In/Li electrodes. The
usage of LPSCl17 leads to an ASSB cathode impedance of 10 Q:cm? and a stable

discharge capacity of 180 mAh-g™" at a rate of 0.1C.

Literature:
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Sulphur based solid electrolytes (SE) are a promising candidate for realising solid state
battery systems as they exhibit both reasonable ionic conductivity’ and ease of
processability. These solid electrolytes are unfortunately not fully stable upon cycling,
due to their narrow electrochemical stability, causing electrochemical degradation
during cycling which reduces their long-term electrochemical performance. Despite
current investigation, the link between structural and morphological changes and
electrochemical performance is yet poorly understood especially during lithiation and

delithiation?.

X-ray diffraction computed tomography (XRD-CT) carried out at ID15a at the European
Synchrotron Radiation Facility allows distribution of specific chemical species within a
material to be resolved spatially. The focus of this work, in which ex-situ half cells of
LePSsCl have been examined using XRD-CT after 50 charge-discharge cycles against
lithium-indium, in both reduction and oxidation and compared to a pristine sample, is
to observe the localisation of chemical changes as a function of the depth of the

reaction in the cells and gain insight into how they affect the morphology.

1. Mangani, L. R. & Villevieille, C. Mechanical: Vs. chemical stability of sulphide-based
solid-state batteries. Which one is the biggest challenge to tackle? Overview of solid-
state batteries and hybrid solid state batteries. Journal of Materials Chemistry A vol. 8
10150-10167 (2020).

2. Wu, X. et al. Operando Visualization of Morphological Dynamics in All-Solid-State
Batteries. Advanced Energy Materials 9, (2019).
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Nowadays, Li-ion batteries have started reaching their limitation in term of safety and
electrochemical performance requesting the development of novel electrochemical
energy system. To ensure a transition to safer and more energetic electrochemical
system, solid state batteries using solid electrolyte have been declared as the most
suitable solution. In theory the cell should be safer due to the replacement of the
flammable liquid electrolyte into a solid state one and the employment of Li metal at the
negative electrode, since no dendrites should be generated in the solid-state batteries”.
Unfortunately, the transition to liquid based electrolyte to solid state electrolyte is
causing several issues, among them, a chemical instability as the electrochemical
stability windows of sulphide electrolyte is very narrow? and a mechanical instability
caused by the “solid” aspect of the cell. Indeed, making a solid electrolyte implies the
sintering of the electrolyte avoiding voids that could generate later on fracture once
lithiation/delithiation occurs due to the stress propagation. In this work, we propose to
use a binder to improve the ductility of the sulphide electrolyte (LisPSsCl). Through this
poster, we will be showing the impact of the polymer on the physico-chemical
characteristics of the LPSCI solid electrolyte, among them, the ionic conductivity, the
3D morphology, the grains boundaries investigation and the electrochemical stability

windows.

1. Ghazi ZA, Sun Z, Sun C, et al. Key Aspects of Lithium Metal Anodes for Lithium Metal
Batteries. Small. 2019;15(32):1900687. doi:10.1002/smll.201900687
2. Sen S, Trevisanello E, Niemdller E, Shi BX, Simon FJ, Richter FH. The role of polymers

in lithium solid-state batteries with inorganic solid electrolytes. J Mater Chem A.
2021;9(35):18701-18732. doi:10.1039/D1TA02796D
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The rapid market expansion for consumer electronics and electric vehicles urges the
development of electrochemical energy storage devices with high energy density, low
cost and safety. In this regard, the development of multivalent—ion batteries is one
feasible solution for such goals, and among them magnesium (Mg) battery is one of the
most promising candidates. However, the realization of practical Mg batteries remains
challenging and advanced material design strategies are imperatively necessary. One
of the main issues with liquid electrolyte in Mg battery is the dissolution and diffusion of

active materials, for example, the so-called polysulfide shuttle effect in Mg—S batteries.

The development of gel polymer electrolytes (GPEs) may provide a promising solution
to circumvent the above issues. With an in-situ polymerization, a novel magnesium
tetrakis(hexafluoroisopropyloxy)borate (Mg[B(hfip)s]2)-based non-corrosive gel polymer
electrolyte has been developed as a kind of Cl-free gel polymer electrolyte.[1] This gel
polymer electrolyte exhibits unprecedented electrolytic properties in terms of high ionic
conductivity (1072 S cm™), reversible Mg plating/stripping capability (Coulombic
efficiency ~99%, 1000 cycles) and low electrochemical overpotential. Simultaneously,
the polymeric matrix can prevent dissolution and diffusion of soluble electrode
materials. Moreover, it can be extended to other polymer backbones and incorporated

with other cathodes for improving battery performance.
Literature:
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Na-conducting rare-earth-containing halides have stimulated growing interest and the
mechanochemical synthesis (e.g. ball milling) method has been widely employed to
prepare these sodium halide solid electrolytes recently. The subsequent heating step
can effectively tune the structure and transport property of the ball-milled material.
Here, we synthesized a series of Na2ZrCls with ball milling and subsequent annealing
at different temperatures. The structural evolution of Na2ZrCls was investigated using
X-ray diffraction and Rietveld refinement. Na2ZrCls crystallizes in an unusual
monoclinic structure (P21/n space group) at a specific annealing temperature (400 °C)
while it forms a trigonal structure (P3m1 space group) adopting other annealing
temperatures. The monoclinic Naz2ZrCls exhibits a higher conductivity and lower
activation energy compared to its trigonal isomer because of the Na* carrier density
difference. Moreover, the trigonal Naz2ZrCls crystals annealed at different temperatures

show various ionic conductivities, which can be expected that the size effect is at play.
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All-solid-state batteries (ASSBs) are predicted to play an important role in future battery
applications, because they potentially provide high energy densities and an enhanced
safety in operation. The ceramic electrolyte LLZO is a promising choice for the solid
electrolyte (SE), as it is stable against Li-metal and shows a high ionic conductivity which
is essential for a high cell performance. However, experimental results still show low
capacities for garnet-based ASSBs at room temperature and a severe capacity fade after
the cycling of the cells [1,2].

In this contribution we explore the reasons for the observed limitations and show possible
optimization strategies by continuum modelling and simulations. First, we perform
microstructural-resolved simulations on a set of virtual composite cathodes to identify the
limitations of the underlying microstructure. In doing so we want to provide advantageous
target values for the cell production regarding active material content, sinter density and
particle sizes. Furthermore, we focus on the role of secondary phases in the composite
cathode that can form as a result of degradation phenomena at the interface between
the SE and cathode active material (CAM). By extending our simulation environment with
an interface model, we show that a resistive layer at the interface SE/CAM resulting from
secondary phase formation is a plausible explanation for the low measured capacities at
room temperature. An increase in layer thickness when cycling the cell due to

electrochemical degradation is a possible mechanism for the observed capacity fade.
Literature:

[1] Finsterbusch et al., ACS Appl. Mater. Interfaces 2018, 10. 26, 22329-22339.
[2] Ihrig et al., ACS Appl. Mater. Interfaces 2022, 14, 9, 11288-11299.
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Impedance spectroscopy is particularly suitable to systematically investigate solid-state battery
components. Individual impedance contributions of phases and interfaces can be separated from
each other if they differ in their frequency-dependent behavior. Therefore, it is the method of choice
to investigate the charge transport in solid electrolytes and more complex solid-state systems like
composite separators, composite cathodes, composite anodes or even full cells.! Quantitative
results are regularly obtained by fitting the experimental impedance spectrum using simple mostly
1D equivalent circuits models which do not consider the 3D microstructure of the system.

Therefore, we developed a 3D electric network model in order to investigate the impact of the
microstructure on the impedance response of the system considered.? We present an overview of
case studies to highlight the significant impact of current constriction effects on the interface
behavior of lithium metal anodes.>> Moreover, we provide an outlook on possible applications of
the developed network model with respect to solid-state battery research.
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Synthesis of phase pure LirLasZr2012 (LLZO) is challenging due to easy formation of
secondary phases, such as the pyrochlore La2Zr207. While much work on LLZO has
been done to understand the electrochemical performance of LLZO, the

thermodynamics of the synthesis and formation of LLZO is poorly understood.

Here we report a high-temperature X-ray diffraction (HTXRD) study on the
crystallization of a gel of Al-doped LLZO. Gels with 0, 10 and 20 mol% excess Li were
prepared and calcined at 500 °C. The resulting powders consisted primarily of La2Zr.07
with trace amounts of Li2CO3 and La202CO3 and were used as starting materials to
study the formation of the cubic LLZO phase. During HTXRD the samples were heated
from 500 °C to 1000 °C. Upon heating the pyrochlore phase gradually transforms to
cubic LLZO. We performed two analyses of the sample with 10 % excess Li by HTXRD,
with normal and thinner deposition thickness. In the thinner sample, cubic LLZO
appears at a lower temperature. The pyrochlore phase does not fully disappear but
instead reappears and crystallizes at the highest temperatures investigated, indicating
extensive Li loss from the thinner sample. These observations suggest that
atmospheric exposure and the surface area of powder are important factors for LLZO

formation.

To understand the thermodynamics of LLZO formation, we propose the following
reaction to take place based on the identified reactants and products:

6.25 Li2COs3 + 0.25 Al203 + 2 La2Zr207 + La202C03 —

2 Lis.25-xAlo.2sLazZr2012-0.5x + 7.25 CO2(g) + x Li20(g).

The enthalpy, entropy and Gibbs energy of the reaction were calculated from literature
data and DFT calculations and agree with the experimental observations. Finally, we

discuss the impact of the highly disordered Li sublattice for the entropy of cubic LLZO.
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Investigating diffusion pathways, mechanochemical milling and the electrochemical
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Solid electrolytes which are thermodynamically stable against lithium metal may be key to stabilizing
lithium-metal/solid-electrolyte interfaces which is crucial for realizing all-solid-state batteries with
competitive energy densities. An extensive body of research has been dedicated to “halide” solid
electrolytes in the past 4 years. But no recent report of lithium nitride-halides exists despite their
thermodynamic stability against lithium metal. We thus decided to revisit a lithium nitride phase (cubic
LisNClI2) that had in previous investigations shown the highest ionic conductivity. 2

We synthesized LisNCl2 and initial electrochemical impedance spectra confirmed the ionic RT
conductivity (1x10¢ S cm') and activation energy (0.47 eV) that were previously reported. 2 Interestingly,
’Li NMR line narrowing measurements (Figure 1b) suggest a much lower activation energy (0.21 eV) and
higher RT conductivity (1x10-2 S cm-'). To resolve this discrepancy, we turned to ab-initio molecular
dynamics simulations and found a broad manifold of different jump events in LisNCl.. The N/CI disorder
in LisNCl2 means that the N/CI composition of tetrahedra around the Li sites varies and the migration
energies for different jumps span a wide range from 0.2 to 0.5 eV (Figure 1c). We concluded that fast Li
diffusion between sites connected by low-Ea jumps (captured by NMR) is present in LisNCl2 but
percolation is limited by high-Ea jumps resulting in the low observable 3D macroscopic conductivity
(captured by EIS).

We investigated the effect of mechanochemical milling on LisNCl2 and that a milling step after ampoule
synthesis as well as a “direct” mechanochemical synthesis (without any annealing step) improve the ionic
conductivity by a factor of 10. We also investigated the anodic limit of LisNCl. combining calculations and
experiments and based on our findings reflect on the applicability of LisNClz in solid state batteries.
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Figure 1. (a) EIS, (b) “Li NMR and (c) the migration energies for the different jumps in LisNC
1 V. R. Landgraf, T. Famprikis, S. Ganapathy, J. de Leeuw, L. J. Bannenberg and M. Wagemaker, ChemRXxiv,

2022, DOI:10.26434/chemrxiv-2022-szgx0. This content is a preprint and has not been peer-reviewed.
2 W. Weppner, P. Hartwig and A. Rabenau, J. Power Sources, 1981, 6, 251-259.
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As an energy storage device with high energy and power density, ASSBs (all-solid-
state batteries) have recently received increased attention. Sufficient and short ionic
and electronic transport pathways in composite cathode for ASSBs are essential for
the active material utilization and (dis-)charging kinetics respectively, because cathode
active material particles that are either electronically or ionically isolated cannot
contribute to the charging or discharging process. Because ASSB cathodes rely solely
on solid-to-solid contacts, achieving percolation is more difficult, than by infiltration of
porous electrodes with a liquid electrolyte. Additionally, residual porosity that blocks
charge transport of ions and electrons has to be minimized. Thus, optimizing cathode
microstructures becomes increasingly important for the improvement of all-solid-state
batteries.

In this study, we investigated both ionic and electronic percolation in composite
cathodes made of an intercalation type active material and a thiophosphate based
solid electrolyte . Different cathode microstructures were created by varying the particle
size distribution of the solid electrolyte. Partial conductivities were then used to
evaluate the effectivity of the electronic and ionic conduction pathways.

To quantify the respective partial conductivities, we used electronically as well as
ionically blocking electrodes with which to carry out electrochemical impedance
spectroscopy measurements. From the obtained partial conductivities, we calculated
tortuosity factors and correlated them to cell performance with complementary cycling
data of all-solid-state batteries in order to determine charge transport bottlenecks. By
FIB-SEM tomography of a composite cathode we could generate a detailed 3D
reconstruction of the cathode microstructure and found the particle size of the solid
electrolyte to influence the charge transport and electrochemical performance of these
cathodes.

-192 -



Investigating safety of solid state batteries via 3D modeling

M. Nezhadfard, N. Bhume, Dr. K.Kretschmer, Dr.-Ing. N. Do, Prof.

Dr.-Ing. D. Schroder, Institute of Energy and Process Systems

Engineering, Technische Universitat Braunschweig, Langer Kamp
19b, D-38106 Braunschweig

The current energy transition trend towards renewable but intermittent energy
resources requires advanced battery technologies to store energy electrochemically.
On the other hand, the rapid increase in the application and production rate of Electric
Vehicles (EVs) further increases the need for safe and reliable battery technologies.
Lithium-ion batteries (LIBs) having high specific capacity constitute 95-99% of batteries
used for transportation purposes [1]. However, the organic liquid electrolyte used in
LIBs raises serious safety concerns such as fire and explosion occurrence in case of
malfunction or damage. Solid state batteries (SSBs) using inorganic solid electrolytes
are considered to be safer than conventional LIBs, although their thermal behaviors
related to electrical, thermal, and mechanical abuse cases are still under debate. In
this contribution, several abused scenarios related to safety aspects (pinhole formation
and overheating) in a pouch SSB cell will be presented via a 3D modelling approach.
In specific, key quantities such as electric potential, current density, and temperature
profiles are analyzed and benchmarked with a normal case. The modeling results
provide some insights for better designing SSB cells in the first step and will need to
be validated using experimental data in the future. The presented 3D modeling
methodology can be expanded to further cell chemistries, geometries, and abuse

scenarios.

Literature:
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All-Solid-State batteries (ASSB) are a promising technology for reaching targets for
capacity, fast-charging capability and safety of batteries. However, methods for a
holistic evaluation of potential production routes and their transferability to industrial
scale are still subjects to research. The investigation of different production concepts
mainly focuses on the processing based on sulfide, oxide, polymer and hybrid-based
solid electrolytes. The sulfide-based process chain is promising based on the high ionic
conductivity and processing properties of the electrolyte for a scalable production [1, 2].
However, the release of H2S during production makes this route challenging, so safety
parameters for sulfidic solid electrolytes are also being investigated.

The focus of this work is to assess the environmental impacts and identify key
hotspots of a potential sulfide-based production route for ASSB pouch cells. Therefore,
a cradle-to-gate Life Cycle Assessment has been conducted. Expert opinions on the
processes, laboratory-scale energy measurements, as well as background data from
the ecoinvent database have been incorporated into the python-based modeling using
Brightway2. The results show that especially the electricity demand and the
consumption of argon represent a high environmental impact. The high argon demand
is driven by the use of an inert environment required in the processing of the highly
reactive sulfides and metallic lithium. Hence, optimizations in terms of energy and
process efficiency are among the main challenges. Based on this, recommendations
are developed by considering potential micro environments and scale effects to pave

the way for high-energy and sustainable battery production.

[1] CULVER, Sean P. ; KOERVER, Raimund ; ZEIER, Wolfgang G. ; JANEK, Jiirgen: On the Functionality of Coatings for Cathode Active
Materials in Thiophosphate-Based All-Solid-State Batteries. In: Advanced Energy Materials 9 (2019), Nr. 24, S. 1900626
[2] TAKADA, Kazunori: Progress and prospective of solid-state lithium batteries. In: Acta Materialia 61 (2013), Nr. 3, S. 759-770
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