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Focus: Solid-state Li batteries (Gen4) %<+ Advanced Manufacturing
(impact on Gen3, t00)
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LFP: Lithium iron phosphate; NCA: Nickel cobalt aluminium oxides;
LMOQO: Lithium manganese oxide; NMC: Lithium nickel manganese 2015 2020 2025 2030
cobalt oxide; HVS: High-voltage spinel

Gen. 2b

Gen. 2a

Roadmap integrierte Zell-und Batterieproduktion Deutschland, 2016



Challenge: solid-solid interface
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Challenges of solid-solid interfaces:

1. How to fabricate solid-solid
interfaces with intimate contact?

2. How to maintain stable interface
during operation (cycling)?

a2

Approach: introduce interlayers to
lower interface resistance
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Strategy I: «soft»> polymer interlayer | Strategy ll: <hard» oxide interlayer
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Large LLZO particles

Small LLZO particles

Strategy I: «Soft» polymer interlayers

15 vol.%
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40 vol.%

Morphology ~ Li-ion

15 um

Lzopeo Pl fransport
interface resistace simulations

External applied l Solves
potential

Temperature Equation

X-ray tomography of LLZO:PEO composite solid electrolyte structures
=> to visualize and investigate the Li-ion transport
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m Li-ion path depends on the PEO/LLZO ratio & morphology:

m  Transport mostly through PEO polymer for low LLZO vol%
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André Muller

(Empa)
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m Li-Me-O interlayers (Me=Nb, Al, Ti) suppress elemental inter-diffusion
at the LCO/LLZO interface during co-sintering
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Strategy Il: «<Hard» oxide interlayers
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André Muller

ASR =1 k0 cm?

(Empa)
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m Li-Nb-O interlayer reduces the interface resistance to ~1 kQ cm? (but not lower)
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Operando spectroscopy of solid-solid interfaces 2} jgeocioe
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All—solid—state battery
(PSI)
@ CAM* © solid electrolyte (SE)
’7 @ conductive carbon (C) Electrochemical
: reactions
Li-S-P PSP
Li+
f SE Sy S
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Reduced TMs Chemical reactions
Ni: TM oxides T™M  Sulfates/Phosphates
*Cathode Active Material (CAM) Co " Ni0, | Sulfides/Phosphides S0,
**Anode Active Material (AAM) Mn CoO PO
0C% T™M — S, x
LiNiy ¢Co,,Mn, ,0, MnO; M — P,
(High voltage cathode)
Difficult to access the «buried» ' Necessity to devellop advanced non-
solid-solid interfaces destructive operando techniques



XPS, XAS, and XPEEM operando spectroscopy () Srsacfonie o
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In house
Soft X-ray Soft X-ray
X-ray photoelectron X-ray absorption spectroscopy (XAS)
spectroscopy (XPS) Oxidation states X-ray photemission electron microscopy (XPEEM)
Chemical and Depth profiling with two detection modes Elemental and oxidation state mapping with high spatial
electronic states (TEY/TFY) resolution (~70 nm)
=2 TMs interdiffusion - Surface structural degradation

Demonstrator: operando electrochemical cell
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XPS & XAS operando spectroscopy
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Reduced TMs at the surface leads
to electrochemically inactive layer

Ni2+
4 /34 2+
NiZE5, - Charge co
—
CO3+ Mn3+

Ni outdiffusion into
solid electrolyte

Protective coatings are needed for
the cathode/electrolyte interface
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m  “Soft” interlayers: study impact of external pressure o il
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on conductivity and cycling 200
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m  “Hard” interlayers
m screen various seed layers for Li plating to achieve Seed layer enables
"anode-free” batteries smooth Li plating
m construct a cell for in-situ 3D microscopy

m  Advanced characterization:

m combine with XPEEM composition analysis for non-
destructive operando characterization at nano-scale

test operando cell w/ industry partners
software code for current transient measurements ces M

NCMg,,
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