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About the Author

Pirmin Ulmann obtained a diploma in chemistry from ETH Zurich (Switzerland) in 2004 and a
PhD from Northwestern University (USA) in 2009. Thereafter, he was a JSPS Foreign Fellow in an
ERATO academic-industrial project at the University of Tokyo (Japan). From 2010 to 2016, while
working at a major battery materials manufacturer in Switzerland, he was a co-inventor of 7
patent families related to lithium-ion batteries. He was also in charge of a collaboration with the
Paul Scherrer Institute, evaluated outside technologies for corporate strategy, and made
customer visits to battery manufacturers in East Asia, North America & Europe. He holds the
credential Stanford Certified Project Manager (SCPM) and has co-authored scientific articles
with more than 1,800 citations.

Introduction
Focus of this Review

In this review, technical options are discussed that are being evaluated by key solid-state / semi-
solid lithium-ion battery companies towards the launch of commercial products for various
applications, in particular electronics and EVs. The analysis is based on a unique Al-supported
screening approach for the identification of patent filings with high prospective commercial
relevance, which are compared with public statements (incl. at conferences).

Comprehension of solid-state / semi-solid Li-ion battery technology decision trees allows for the
identification of promising product development directions that have not yet been explored.

Patent portfolios by key commercial players have been classified into 6 categories:
e Level) Electrolyte & electrode patents

e Level 2 Cell patents (chemistry & architecture)

e Level 3A) Pack/ form factor / packaging patents

e Level 3B) Application patents

e Level3C) Reliability patents (e.g. mitigation of short circuits / heat & gas formation)

)
e Level3D) Manufacturing patents (electrolytes, electrodes, cells)
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A patent portfolio that covers all of these categories generally reflects a substantial product
development effort that addresses all aspects necessary for a successful launch.

For tailored patent searches, the Al model used for preparation of this review is available to
users on b-science.net.

Table 2: (projected) market launches for solid-state / semi-solid battery EVs; color labels:
midnight blue: oxide / phosphate-based electrolytes (may contain polymers); mocha: sulfide-
based electrolytes (may contain halides, polymers); teal: halide-based electrolytes (without
sulfur); plum: polymer-based electrolytes (predominant component)

Company Country  Year Possible Electrolyte /
Negative Electrode Type / Other Info

Al-based Identification of Commercially Relevant Patents

b-science.net has developed a supervised Al methodology to assess the commercial relevance
of patents, combined with an automatic translation framework that makes sure Non-English
patents are also identified. The methodology was validated as described in the Appendix.

Table 3: number of commercially relevant patent families / utility models since 2019

Company Country / 2019 2020 2021 2022 Total Joint patent
Territory (until (2021-2022) filings with
Dec 23) companies

Toyota Japan 157 173 119 130 249 -21 collaborators

362 additional entries
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Technology Decision Trees

Figure 12: technology decision tree — solid electrolytes — halides / oxohalides
(in red: newly added branches as compared to prior review)

BASF
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Panasonic / Toyota
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- used in combination with sulfides

Panasonic
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- fluorides, e.g. Liz.4Y1.2BralzF2

Saint-Gobain \
- LisYBre

Samsung
- Liz.gsNao.0sYClsBrs and similar derivatives /

Ali Sadeghi et al.
- LisClO

Sila Nanotechnologies
- Li2KYBrs

|

NGK Insulators
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- Ta-containing, e.g. Lir.asZro.asTao.15Cle halides / oxohalides - LiAlFs * LizSO4
- without heterometals, e.g. Liz.4Zro.oCle

- Mg-containing, e.g. Li2.2Zro.eMgo.1Cls

Kaneka (with U. Osaka)
-85 LiF - 15 BaF»
- in combination with Ga-LLZO

TDK

- Liz.3Alo.3Zro.7Cls
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Hydro Québec
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Panasonic

- e.g. LiaGdBrzCl,!
2 S Gd-based

Benchmarking & Product Launch Risk Factors - Cells with Liquid
vs. Semi-Solid vs. Solid Electrolytes

A battery fails commercially if any performance & safety characteristic or costs do not match the
requirements of the corresponding application. Outperformance in one dimension usually does
not compensate for the biggest weakness.
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Table 6: targeted energy density
Companies Approximate volumetric / gravimetric Positive Negative
(approximate cell energy density (for >1 Ah cells unless if electrode electrode
capacity) mentioned otherwise)

Table 7: ion conductivity of solid electrolytes (as identified in patent applications, in public
statements, or by reference to an academic publication); color labels: midnight blue: oxide /
phosphate-based electrolytes (may contain polymers, may contain minor amount of halide);
mocha: sulfide-based electrolytes (may contain halides, polymers); teal: halide-based
electrolytes (without sulfur, may contain oxygen); plum: polymer-based electrolytes (predominant
component)

Companies Possible electrolyte Approximate ion

conductivity at 25 °C
unless if otherwise

mentioned
Skoda (VW) ‘Li-glasses’ based on complex 5.5 x 102 S/cm
mixture, e.g. P20s / LiCl / Li2O /Al203
/ B2Os / Ll
Hydro Québec (licensed from Texas ‘Li-glasses’ based on dried LiOH, 4 x 102 S/cm
University / Porto University / Laboratério  LiCl, Ba(OH).
Nacional de Energia e Geologia)
Toyota Lio.54Si1.74P1.44511.7Clo.3 2.5 x 102 S/cm
SVOLT Lis.85P0.8Bi0.15N0.154.400.15Cl1 45 1.5 x 102 S/cm
Ampcera ‘sulfur-stuffed’ argyrodite, >1.2 x 102 S/cm
LigP3S11+nCl or Ligs2nP3S11:nCl, n >0 (public statement that
presumably

corresponds to the
electrolyte on the left)

117 additional entries

Table 10: raw material / process aspects that could impact costs

Companies Critical raw material or process aspects
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Under-explored Product Development Approaches

Method 1 — Under-explored Connections Between Decision Trees

Under-explored product development approaches below were identified by contemplating on
the decision trees in Figures 3-31 and trying to find connections between them. Surely, many
other examples can be identified by our readers that will lead to improved lithium-ion semi-solid
and solid-state batteries.

Figure 132: potential synergies between two material classes

Energy & power density Reliability & longevity
Desired outcome High energy Fast charge/ | Prevent short High cycling
* (cell level) density discharge circuits stability

-

Uniform, crack- Good interface / Low surface

Material

requirements L 2 i free layer bulk conductivity reactivity
Material Nanon o o i Lithium oxides / phosphates /
components P hydroxides that form glasses

Adjustable material Glass electrolyte Surface Pore size Particle size
characteristics composition characteristics distribution distribution

Assessment of Companies

Author comments are displayed in maroon.
Contemporary Amperex Technology (CATL) - China
Organization profile

Contemporary Amperex Technology Limited (CATL, htips://www.catl.com/en/) is the world's
largest Li-ion battery producer. CATL was founded in 2011 in Ningde, China. In 2017, CATL has
completed a split from its parent company ATL/TDK. A commercial sodium-ion battery was
launched in 2021. With BRUNP Recycling (subsidiary), and Dynanonic (publicly traded, >60%
floating stock), CATL jointly develops positive electrode active materials. CATL recently launched
LMFP-based M3P liquid electrolyte Li-ion batteries along with Qiling packs ('cell-to-pack’

architecture).

Unique capability: supramolecular ionic liquid / polymer / lithium salt electrolytes with very
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favorable ion conductivity (up to 2.4 x 10-3 S/cm) and high boiling point (>438 °C), along with
corresponding cells with lithium metal negative electrodes.

Leap of faith: the toxicity of triphenylene-containing electrolytes will be acceptable.

Comment: this work could finally enable the operation of lithium metal negative electrodes at
room temperature and below with favorable fast charge / discharge characteristics (along with
favorable energy density), without employing scarce elements in the electrolyte (aside from
lithium). The use of triphenylene-containing ionic liquids requires sufficiently strict protocols
during manufacturing, operation and recycling to avoid PAH (polycyclic aromatic hydrocarbon)
contamination.

Possible material / cell / process characteristics (estimate based on public information)

* Electrolyte: supramolecular ionic liquids with triphenylene cores and (optionally fluorinated)
ethylene oxide oligomers / lithium sulfonate groups (Figure 71, top) exhibit an ion
conductivity of up to 6.5 x 103 S/cm (R1 / Rz groups on the left). This ionic liquid was
combined with (PEO / PVDF) and LiTFSI (10-80 : 100 : 5-40 by mass, 100 corresponds to
combined mass PEO / PVDF) to form electrolyte films (25 pum thickness) with an ion
conductivity of 2.4 x 10-3 S/cm. Boiling point: >438 °C.

* Negative electrode: lithium metal. Although Li metal processing patents have been filed by
CATL, employment of an ‘anode-free’ cell design is also a possibility.

* Positive electrode: NMC9'2'2 or NMC811 / conductive carbon / PVDF (96 : 2 : 2 by mass),
see ‘Lithium-ion Battery High Energy Positive Electrode Innovation & Patent Review’.

* Design: stacked multilayer, prismatic cells.
*  Process:
1) Mix electrolyte components.
) Hot pressing (1-20 MPa, 50-100 °C) to produce electrolyte film.
) Vacuum annealing (60-80 °C, 1-8 h).
) Electrode and electrolyte layers were laminated through cold-pressing (250 MPa, 25 °C, 2
min) to obtain 10-layer cells.
5) Encapsulation inside prismatic or pouch cell housing.

A WO N

News reports and press releases

In April 2023, CATL unveiled its 500 Wh/kg ‘condensed battery’ for electric aircrafts and EVs
(additional article). The limited technical details that were disclosed are consistent with the
description of supramolecular ionic liquid-based Li metal batteries described in this chapter.

In December 2022, it was reported that companies CATL and CALB have filed lawsuits with
respect to each other related to Li-ion battery intellectual property (not related to solid-state

batteries).

In August 2022, it was reported that CATL plans to introduce ‘condensed batteries’ in 2023,
which according to some experts provides favorable safety, reliability and cycle life by achieving
a ‘superfluid state, superconducting state, stability, and superior conduction’.

© b-science.net LLC
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In January 2022, it was reported that CATL expects that 1st generation solid-state batteries with
roughly the same energy density as current Li-ion batteries will capture about 1% market share
by 2030, while 2nd generation solid-state Li-ion batteries with new positive / negative electrode
active materials are expected to emerge after 2030 (additional report).

General patent portfolio characteristics

14 new patent families related to semi-solid or solid-state Li-ion batteries have been published
since 2021.

Examples from the patent portfolio

Level 1) Electrolyte & electrode patents, level 2) cell patents

+ SUPRAMOLECULAR IONIC LIQUIDS, SOLID STATE ELECTROLYTE MEMBRANE, SOLID
STATE LITHIUM METAL BATTERY, AND DEVICE (Google, published in 2022): semi-solid
electrolyte layer (25 pm): supramolecular ionic liquids with triphenylene cores and
(optionally fluorinated) ethylene oxide oligomers and lithium sulfonate groups (Figure 71)
exhibit an ion conductivity of 6.5 x 10-3 S/cm (R1 / R2 groups on the left). This ionic liquid
was combined with (PEO / PVDF) and LiTFSI (10-80 : 100 : 5-40 by mass, 100 corresponds
to combined mass PEO / PVDF) to form electrolyte films (25 pym thickness) with an ion
conductivity of 2.4 x 10-3 S/cm.
Negative electrode: lithium metal.
Positive electrode: NMC811 / conductive carbon / PVDF (96 : 2 : 2 by mass).
Small-angle X-ray scattering (SAXS) measurements exhibit a channel size of about 17 nm
between ni-stacked triphenylene units through which Li-ions can diffuse.
Electrolyte layers were produced through hot pressing (1-20 MPa, 50-100 °C), followed by
vacuum annealing (60-80 °C, 1-8 h). Electrode and electrolyte layers were laminated through
cold-pressing (250 MPa, 25 °C, 2 min) to obtain 10-layer cells.
In cycling tests (0.5 C charge / discharge), cells that contain triphenylene molecules with R1 /
R2 groups shown on the top left of Figure 71 exhibit 409 cycles (prior to reaching 80%
remaining capacity cutoff), while cells that contain triphenylene molecules with Ry / Ro
groups shown on the top right of Figure 71 exhibit 1,002 cycles (ion conductivity of molecule:
4.4 x 10-3 S/cm, ion conductivity of PEO / PVDF / LiTFSI-containing film: 1.8 x 10-3 S/cm).
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Figure 71: top — two triphenylene derivatives with (optionally fluorinated) ethylene oxide / lithium
sulfonate groups. The derivative on the left exhibits particularly favorable ion conductivity (6.5 x
10-3 S/cm), while the derivative on the right exhibits particularly favorable cycling stability,
bottom - synthesis procedure, ORs = Ry, OR4 = R2 (CATL)
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o]
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OH catalytic Kl OR3 OR;
- CC - X
K2CO3 OH ORs

e OR,
Ry0.
FeCIs OR, Br-R,-SO3H O
OR;
IO
OR4-SOsLi
R3O
RO
OR,

OR; R;-TP-OH

This work illustrates how very favorable ion conductivity and cycling characteristics can be
achieved upon incorporating a polycyclic aromatic hydrocarbon (triphenylene) that
undergoes Ti-stacking interactions to form nano-columns. Supramolecular aggregates
presumably are substantially immobile in the electrolyte layer, while providing functional PEG
and lithium sulfonate edge groups that promote Li-ion diffusion.

The resulting electrolyte layer apparently prevents short circuits due to lithium dendrite
formation by exhibiting sufficient mechanical resistance in the absence of cracks through
which lithium dendrites could grow (self-healing character of supramolecular interactions).
The SEl layer that likely forms between the electrolyte and the lithium metal layer presumably
is sufficiently supported by the electrolyte layer as not to crack during cycling (avoidance of
excess SEl formation).

As triphenylene (without further functional groups) exhibits a boiling point of 438 °C, the
safety characteristics of this electrolyte system could be more favorable as compared to
plasticizers that exhibit a lower boiling point.

A potential disadvantage relates to the toxicity of polycyclic aromatic hydrocarbons (PAH).
Presumably, a coating on NMC811 is deployed that prevents decomposition of ethylene
oxide groups at high voltages.

The synthesis procedure shown in Figure 71 (bottom) suggests that large scale chemical
synthesis should be possible without overly expensive reactants or process conditions.

+ Solid-state electrolyte membrane, solid-state battery and device (Google, published in 2022):
solid electrolyte layer (20-30 pm): LisPSs / binder (80 : 20 by mass, binder type: probably
SBR, screened with specific mesh number, 99 mass% of particles exhibit a particle size of
5-20 pm). lon conductivity: 1.2 x 10-3 S/cm.

Positive electrode: NMC / LisPSs / carbon black (Super P, IMERYS Graphite & Carbon) /
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SBR binder (70 : 24 : 3 : 3 mass ratio), on aluminum foil.

Negative electrode: lithium foil, on copper foil.

Cells with an electrolyte layer thickness of 30 pm (303 Wh/kg energy density) exhibit 165
cycles until 50% capacity is reached (0.1 C charge / discharge). Cells with an electrolyte
layer thickness of 20 pm (310 Wh/kg energy density) exhibit 116 cycles under the same
conditions. Cells without SBR binder with an electrolyte layer thickness of 30 um exhibit 9
cycles under the same conditions.

Electrolyte and electrodes were prepared, in case of the electrolyte layer through ball milling
(in toluene), in case of the positive electrode through slurry mixing (in NMP). These layers
were laminated with the negative electrode (pressing at 300 MPa).

It is argued that a solid electrolyte layer breaking strength of >50 MPa supports favorable
electrochemical performance.

This work illustrates the importance of using a mechanically flexible binder in combination
with sulfide.

Included in full version

Level 3A) Module / form factor / packaging patents; level 3B) application patents; level 3C)
reliability patents

Included in full version

Patent Analysis Methodology & Validation

The patent information source for this review is the European Patent Office (EPO), which covers
patent filings from more than 100 patent offices around the world. >2.4M patent documents are
included in the b-science.net database that were published since 1980, which either contain the
words 'battery' or 'batteries' in the title or abstract, or were assigned to one of the energy
storage-related CPC (cooperative patent classification) or IPC (international patent classification)
codes: HO1M (batteries & fuel cells) or HO1G (capacitors). An Al model was defined for
commercially relevant Li-ion battery solid / semi-solid / gel electrolytes. Patent documents were
grouped into patent families and scored with the Al model. An Al relevancy score cutoff value of
40 was applied (100: very relevant, 0: not relevant). In this review, patent families published
between January 1st, 2019 and December 23rd, 2022 (publication date of earliest family
member) were included in statistical Table 3. A range of key patent families published until April
2023 are also listed and discussed in company chapters of this review, without being part of
Table 3.

The methodology was validated with patent families by Nissan / Renault / Mitsubishi Motors
(patent families published between 2021 and December 23rd, 2022). 80 patent families were
manually classified as relevant, and 367 patent families were manually classified as not relevant.
Of these 80 relevant patent families, 76 exhibit an Al score of >40, while 4 relevant patent
families with Al scores of 38, 33, 26, 22 are below the cutoff value of 40 (false-negatives). For 5
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patent families, Al scores of 67, 52, 49, 42, 40 are above the cutoff value even though they were
manually classified as not relevant (false-positives).

Disclaimer

We are committed to listen to and provide high quality services to the energy storage
community, but we cannot guarantee that our services are free of errors or interruptions. All
warranties and liabilities on the part of b-science.net GmbH (LLC) and its affiliates are excluded.
Please check our Terms & Conditions and Privacy Policy, which apply to this document.

THIS SERVICE MAY CONTAIN TRANSLATIONS POWERED BY GOOGLE. GOOGLE DISCLAIMS
ALL WARRANTIES RELATED TO THE TRANSLATIONS, EXPRESS OR IMPLIED, INCLUDING
ANY WARRANTIES OF ACCURACY, RELIABILITY, AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT.
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