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Introduction
Focus of this Review
This review discusses divergent technical decisions taken by key lithium-ion battery industry
players to synthesize high energy negative electrode materials and corresponding electrodes
for battery cells with liquid, semi-solid and solid electrolytes, based on a machine learningsupported analysis of global patent filings, enriched with information gained from news
releases & participation at key battery conferences.
The review supports the Li-ion battery community in understanding the different technical
avenues that have been evaluated (decision trees). Comprehension of the high energy negative
electrode state-of-the-art allows for the identification of promising product development &
commercialization directions that have not yet been explored.
Patents by key players are classified according to these categories: A) chemical composition;
B) particle nano- & microarchitectures, composites; C) surfaces & coatings; D) large scale
manufacturing, reliability; E) negative electrode formulations (for liquid electrolytes); F) active
materials for solid-state or semi-solid Li-ion batteries.
New sections as compared to the review from October 2020 are labeled in red, either at the
level of individual patents or image sections, or at the level of red-labeled titles if a whole
section was newly introduced or replaced.
For tailored patent searches, the machine learning models used for preparation of this review
are available to users on b-science.net (scoring of commercial relevance).

Li-ion Battery Cell Components
The different components of a Li-ion battery cell are shown in Figure 1 below. Each battery cell
contains a negative electrode or anode, a positive electrode or cathode, and a Li-ion
conducting, electrically isolating region that separates these two electrodes, which consists of
a porous separator soaked with liquid, Li-ion conducting electrolyte, or alternatively of a
solid electrolyte layer.
Negative electrodes consist of a current collector (usually based on copper) that is coated
with an active material layer made of anode active material particles, (in most cases)
electrically conductive carbon additives and a binder (in some cases carbonized).
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Figure 1: Li-ion battery cell components
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An interesting approach pursued by multiple companies according to patent filings is the
deployment of solid electrolyte matrices in the negative & positive electrodes that prevent
contact between the liquid electrolyte and the electrode active materials (prevention of
excessive reactivity, especially at elevated temperatures), while a liquid electrolyte-filled
separator can still assure favorable Li-ion conductivity between the electrodes.

Technology Decision Trees for High Energy Negative Electrodes
The technology decision trees below should not be regarded as comprehensive as only
recently published patent families are covered for the most part, but hopefully as a source of
inspiration for novel inventions and for the identification of technical approaches that have
been ‘under-explored’ thus far. Additions / changes as compared to the 2020 review edition are
shown in red. Prior reviews from 2020 and 2019 can be consulted for a wider publication time
frame.
Proponents of CVD bottom-up Si nanostructure synthesis approaches (Figure 10: on current
collector foils or particle deposition, Amprius, ATL, Cenate, LeydenJar, OneD Battery Sciences,
Wacker Chemie; Figure 11: on carbon support materials, Group14 Technologies, Livenergy,
Nexeon, OneD Battery Sciences, Showa Denko, Sila Nanotechnologies, SK Innovation) argue
that to achieve higher energy densities, process technology transfer from high value added
industries (semiconductors, flat panel displays, solar cells) to the battery industry is necessary
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to better control nanoscale structures as compared to current processes. While hazardous
monosilane is already employed in the range of 10,000-100,000 tons/year in other industries,
its large scale use requires tighter safety procedures as compared to many of the currently
used large scale battery material manufacturing processes. A wide variety of nanoarchitectures can be achieved with this approach that are not accessible with other synthetic
approaches, which is aided by the choice of catalysts and carbon or silicide support materials
on which Si is deposited. Highly attractive process costs of around USD 19.7/kg Si (USD 1.67/
kWh) have been claimed by OneD Battery Sciences to be feasible at large scale, which drive
evaluation efforts in the context of EV applications (not only niche applications).
Figure 10: decision tree - nano-Si (synthetic processes)
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It is a new development that dry ball milling approaches (Figure 10, Daejoo Electronic
Materials, Panasonic, Samsung, Wacker Chemie) are pursued to a similar extent as wet milling
approaches (Amprius, BTR, Paraclete, Posco, Samsung, Shanshan, StoreDot, Wacker Chemie,
use of a variety of solvents and polymer additives). Because the use of solvents and solvent
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recycling can be skipped with dry ball milling approaches, they can be assumed to generally
exhibit lower process costs as compared to wet milling processes. In general, the uniformity of
the products (e.g. narrowness of particle size distribution) cannot be controlled to the same
extent with milling approaches as compared to bottom-up silane gas deposition processes,
but the precursor material is frequently comparably low cost Si powder (raw material cost
estimate by Dr. Axel Schonecker from E-magy at a discussion panel during Battery Show
Europe 2021: USD 3.5-4.5/kg - this price level is predominantly determined by the level of Si
purity).

Machine Learning-Based Identification of Commercially Relevant
Patents
b-science.net has developed a supervised machine learning methodology to assess the
commercial relevance of patents, combined with an automatic translation framework that
makes sure Non-English patents are identified. The methodology was validated as shown
below. With this approach, we have comprehensively identified & classified patents by
companies active in commercial R&D on Li-ion battery negative electrodes.
In Table 2, the number of commercially relevant negative electrode patent families published
since 2017 are listed for 447 companies (excluding lithium metal negative electrodes).
Table 3 contains patent filings that relate to negative electrodes (without lithium metal
electrodes) and semi-solid or solid electrolytes, as identified with the help of two corresponding
machine learning models.
Table 2: number of commercially relevant Li-ion battery anode patent families / utility models
between January 2017 and November 18th, 2021 (publication of first family member, excluding
lithium metal negative electrodes)
SSB: patent filings that relate to solid-state or semi-solid Li-ion batteries
Grape: battery suppliers / developers and automotive suppliers
Blue: anode material suppliers
Black: companies that are not discussed in detail (in a few cases, a single patent is discussed)
Company

LG Chemical / LG
Energy Solution
(SSB)

Country 2017

Korea

91

2018

2019

2020

79

111

80

2021 2018- Joint patent
(until 2021 filings
Nov
18th)
57

327 - GS Energy
- SJ Advanced
Materials

446 additional companies are listed in the full review.
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Table 3: number of commercially relevant / utility models that relate to both Li-ion negative
electrodes (without lithium metal anodes) and semi-solid or solid electrolytes, between January
2018 and November 18th, 2021 (publication of first family member)
Grape: battery suppliers / developers and automotive suppliers
Blue: anode material suppliers
SSB Chapter: company chapter in ‘Solid-State Li-Ion Battery Innovation & Patent Review’
Company

Toyota
(SSB Chapter)

Country

2018

2019

2020

2021
(until
Nov
18th)

Japan

17

18

11

10

2018- Joint patent
2021 filings

56 - Shin-Etsu
- Soken
- Ube Industries

56 additional companies are listed in the full review.

Anode Material Suppliers
In the following chapters, patent families for which the earliest family member was published
after July 24th, 2020 (cutoff date of prior review) are highlighted in red color (a limited number
of earlier patents are also highlighted in red, if they were not included in the prior review).
In maroon color, it is described why - in the author’s opinion - a patent filing could potentially
contain a commercially relevant invention, or why it exhibits a limitation.
Showa Denko - Japan
Organization Profile
Showa Denko (http://www.sdk.co.jp) is the manufacturer of SCMG artificial graphite active
materials, VGCF (vapor grown carbon fiber) conductive additives for the positive and negative
electrode, carbon-coated current collector foils, and packaging materials for Li-ion batteries.
In 2019, Showa Denko completed the takeover of its bigger rival Hitachi Chemical, in which the
Hitachi Group formerly held a majority stake (Bloomberg, News Release). Hitachi Chemical was
renamed to Showa Denko Materials Co., Ltd. on October 1st, 2020. In 2019, Showa Denko
made an investment in Group14 Technologies.
Showa Denko Materials (https://www.mc.showadenko.com/english/index.html) is a longstanding, market-leading supplier of anode materials and of other materials used in Li-ion
batteries. A speciality of Showa Denko Materials is artificial graphite with carefully tuned pore
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size distribution for favorable Li-ion diffusion. In 2018, Showa Denko Materials licensed siliconbased electrolyte technology from US-startup Silatronix to improve electrochemical
performance of its anode materials. In 2018, an investment was made in Massachusetts-based
startup company Ionic Materials.
Unique capability (Showa Denko Materials): manufacturing of SiOX (0.5 ≤ X ≤ 1) at various
performance / cost points (i.e. high performance materials at comparably high costs presumably through SiO gas deposition, lower performance materials at comparably low costs
- presumably through SiO milling).
Leap of faith (Showa Denko): fast-follower approach in the area of silane coating of carbon
will lead to competitive market position.
Possible composition of future negative electrode materials
Showa Denko Materials (liquid electrolyte cells)
•
•
•
•

SiOX (0.5 ≤ X ≤ 1), with highly crystalline SiO2 domains for limited irreversible losses.
coated with carbon and optionally with a polymer (artificial SEI).
incorporation of LiF.
mixed with artificial graphite and flaky graphite.

Showa Denko (semi-solid or solid electrolyte cells)
•
•
•

Si-coated activated carbon.
possibly CVD-coated with a carbon layer.
possibly mixed with artificial graphite and flaky graphite.

Test electrode composition
Showa Denko Materials
•

•

carbon additives: artificial graphite (in-house), Ketjen black (Lion Specialty Chemicals Co.,
Ltd.), acetylene black (HS-100, Denka), flaky graphite (KS6, IMERYS Graphite & Carbon),
carbon black (Super C45, IMERYS Graphite & Carbon).
binder: CMC/SBR, PAA, PAN, or polyamideimide.

Showa Denko
•
•

carbon additives: VGCF (Showa Denko), carbon black (IMERYS Graphite & Carbon).
binder: SBR/CMC.
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Figure 25: projected manufacturing process option for Showa Denko Materials (formerly Hitachi
Chemical)
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What’s New?
No news articles were identified in relation to Showa Denko’s anode materials. The
collaboration with Umicore might not have been continued after the takeover of Hitachi
Chemical (latest publication of joint patent family by Umicore and Showa Denko in 2019).
Earlier technical information that remains relevant
The process projection in Figure 25 for Showa Denko Materials (formerly Hitachi Chemical)
retains important steps from the prior review. Consequently, earlier patent families listed below
on SiO gas quenching, carbon CVD or coal tar pitch coating and polymer coating probably
remain very important.
Recently Published Patent Filings
As shown in process Figure 25, recently published patent filings suggest that Showa Denko
Materials (formerly Hitachi Chemical) focuses on process (and likely cost) optimization while
maintaining performance characteristics in SiOX (0.5 ≤ X ≤ 1) materials (key steps: high impact
milling to tune Si & SiO2 domain sizes and crystallinity, incorporation of LiF).
While the incorporation of LiF into SiOX is in focus, the incorporation of LiCl and Al6Si2O13 was
also investigated.
Showa Denko made a pivot in its patent filings from with Si nanoparticles and pitch (in
collaboration with Umicore) to a new focus on monosilane CVD coating of activated carbon
(process Figure 26), which is being pursued already by other companies (see Figure 11).
Showa Denko also started efforts towards developing Si-containing active materials that can
be combined with sulfide solid electrolytes.
General patent portfolio characteristics
Among battery materials manufacturers, Showa Denko holds the 2nd largest number of newly
published patent families related to Li-ion battery anodes since 2018 (117) behind Shanshan. 8
of these patent families are also related to solid-state or semi-solid electrolytes. Showa Denko
made joint filings with Umicore (latest patent family published in 2019) and Nohms
Technologies (2 patent filings published in 2021, related to liquid electrolytes for graphite
electrodes, example: EPO / Google).
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Examples from the patent portfolio - Showa Denko Materials (formerly Hitachi Chemical)
A) Chemical composition
• Process in Figure 25: Method for manufacturing negative electrode active material for
lithium secondary battery, lithium secondary battery, and negative electrode active material
for lithium secondary battery (Google, 2021, covered in patent update): LiF (1 mass%) was
mixed with SiO, followed by a heat treatment (900 °C, 3 h, argon atmosphere). The material
was classified using a 45 μm sieve. Negative electrodes were built in combination with
Ketjen black and polyacrylic acid (70 : 15 : 15 mass ratio). As compared to a material
without LiF treatment, an improved 1st cycle efficiency of 81% was observed (vs. 63%
when LiF was not used), along with a reversible capacity of 1,300 mAh/g.
This work illustrates very substantial benefits of LiF as additive during SiOX (X ≈ 1)
fabrication. LiF probably can be deployed in a cost-effective manner both from the point of
view of raw material sourcing and process costs.
• Method for manufacturing negative electrode active material for lithium ion secondary
battery, negative electrode active material for lithium ion secondary battery and lithium ion
secondary battery (Google, 2021, covered in patent update): SiO and LiCl (1 : 1 by mass)
were heated at 900 °C for 10 h under Ar and electrodes were produced with Ketjen black,
and polyacrylic acid (PAA, 70 : 15 : 15 by mass, solvent 1-methyl-2-pyrrolidone, NMP). As
compared to an SiO sample that was not treated with LiCl, an improvement of the 1st cycle
efficiency was observed (from 63% to 77%).
This work illustrates that 1st cycle losses can be reduced without pre-lithiation with lithium
metal reductant, through non-reductive rearrangements of the SiO structure mediated by
LiCl.
• Method for manufacturing negative electrode active material for lithium ion secondary
battery, negative electrode active material for lithium ion secondary battery and lithium ion
secondary battery (Google, 2020, covered in patent update): SiO and AlF3 were mixed (1 :
0.6 molar ratio) and heat treated at up to 950 °C under argon, resulting in a powder that
consists of an Si and an Al6Si2O13 phase. Electrodes were built with this powder in
combination with Ketjen black and PAA binder (70 : 15 : 15 by mass), which exhibit more
favorable 1st cycle coulombic efficiency (up to 80%) as compared to SiO-based electrodes
(up to 66%).
This work illustrates how the 1st cycle coulombic efficiency can be improved by partially
converting SiO to Al6Si2O13. It might be possible to also improve other electrochemical
characteristics with this approach, such as cycling stability. Cost savings might be possible
as compared to electrochemical pre-lithiation procedures and/or the invention could be
combined with pre-lithiation for potentially synergistic effects.
• Process in Figure 25: Lithium ion secondary battery negative electrode material, lithium ion
secondary battery, and method for producing negative electrode material for lithium ion
secondary battery (Google, 2020, covered in patent update): the Coulombic efficiency
of SiOX (X ≈ 1) was improved by forming crystalline SiO2 domains (see Figure 27) that exhibit
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limited irreversible lithium absorption. This was achieved by mixing LiF with SiO (1 : 1 molar
ratio), followed by calcination at up to 900 °C.
This work could allow for reduced irreversible losses and parasitic reactions in SiOX (X ≈ 1)
active materials, which could in turn allow for higher energy electrodes with increased
SiOX content.
Figure 27: X-ray diffraction measurement of SiOX (X ≈ 1) material with highly crystalline SiO2
domains (Showa Denko Materials)
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Process in Figure 25: NEGATIVE ELECTRODE MATERIAL FOR LITHIUM ION SECONDARY
BATTERY, NEGATIVE ELECTRODE FOR LITHIUM ION SECONDARY BATTERY, AND
LITHIUM ION SECONDARY BATTERY (Google, 2019): Si and SiO2 were reacted at elevated
temperature at 15 Pa and cooled to generate SiOX (X: no precise number given), followed by
ball milling. The powder was subjected to an electrochemical bulk modification procedure in
PC / EC to form lithium silicate, followed by coating with coal tar pitch at 800 °C. Particles
were covered with polyoxyethylene alkyl ether phosphate (Adeka Co.) in isopropanol.
B) Particle nano- & microarchitectures, composites
• LITHIUM ION SECONDARY BATTERY AND NEGATIVE ELECTRODE MATERIAL FOR
LITHIUM ION SECONDARY BATTERY (Google, 2019): flaky silicon particles were enclosed
inside a graphene matrix through a CVD coating procedure.
This work could allow for improved cycling stability.
C) Surfaces & coatings
• Process in Figure 25: NEGATIVE ELECTRODE ACTIVE MATERIAL FOR LITHIUM ION
SECONDARY BATTERY, NEGATIVE ELECTRODE FOR LITHIUM ION SECONDARY
BATTERY, AND LITHIUM ION SECONDARY BATTERY (Google, 2019): silicon oxide (High
Purity Chemical Laboratory Co., Ltd.) obtained through jet milling was CVD-coated in a
rotary kiln furnace with in an acetylene / nitrogen gas atmosphere at 950 °C (a
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disproportionation reaction of SiO occurred under these conditions) for favorable long term
stability and initial charge / discharge efficiency.
D) Large scale manufacturing, reliability
• Process in Figure 25: NEGATIVE ELECTRODE ACTIVE MATERIAL FOR LITHIUM ION
SECONDARY BATTERIES, NEGATIVE ELECTRODE FOR LITHIUM ION SECONDARY
BATTERIES, LITHIUM ION SECONDARY BATTERY, AND METHOD FOR PRODUCING
NEGATIVE ELECTRODE ACTIVE MATERIAL FOR LITHIUM ION SECONDARY
BATTERIES (Google, 2021, covered in patent update): slightly (about 10%) improved fast
charge performance at -5 °C was achieved by including fine silicon monoxide powder (5
mass%) in a silicon monoxide precursor material before CVD (chemical vapor deposition,
acetylene / nitrogen, up to 950 °C) to form a carbon layer.
This work illustrates how performance aspects in silicon monoxide active materials can be
fine-tuned by carefully controlling the particle size distribution.
E) Negative electrode formulations (for liquid electrolytes)
• NEGATIVE ELECTRODE MATERIAL FOR LITHIUM ION SECONDARY BATTERY,
PRODUCTION METHOD FOR NEGATIVE ELECTRODE MATERIAL FOR LITHIUM ION
SECONDARY BATTERY, NEGATIVE ELECTRODE MATERIAL SLURRY FOR LITHIUM ION
SECONDARY BATTERY, NEGATIVE ELECTRODE FOR LITHIUM ION SECONDARY
BATTERY, AND LITHIUM ION SECONDARY BATTERY (Google, 2019): reduced electrode
expansion and improved cycling stability (without increased 1st cycle losses, reversible
capacity 400-490 mAh/g) was achieved with an electrode mixture based on carbon-coated
SiOX (X ≈ 1), artificial or natural graphite active material along with flaky graphite (e.g. KS6
synthetic graphite from IMERYS Graphite & Carbon).
This patent filing builds on prior work in which only flaky graphite was used. Graphite
powder parameters like tap density and circularity for ideal electrochemical performance
were identified.
Examples from the patent portfolio - Showa Denko
B) Particle nano- & microarchitectures, composites
• Process in Figure 26: Carbon-coated composites and their uses (Google, 2021, covered in
patent update): activated carbon (BET SSA: 900 m2/g) was treated with silane gas in a tube
furnace (1.3 volume% in nitrogen, 500 °C, 760 torr, 6 h). The resulting composite particles
exhibit a silicon content of 45 mass% and a BET specific surface area of 16.9 m2/g. The
material exhibits a reversible capacity of 1,800 mAh/g and a first cycle efficiency of 91.2%.
Electrolyte: EC / EMC / DEC = 3 : 5: 2 by volume, additives: VC (1 mass%), FEC (10
mass%). In full cells with LCO-based positive electrodes, 60% capacity retention was
observed after 50 cycles.
While a favorable 1st cycle efficiency was obtained, further work appears to be necessary to
improve cycling stability in full cells.
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•

TITANIUM OXIDE-SILICON COMPOSITE AND USE OF SAME (Google, 2021, covered in
patent update): TiO2 was exposed to a He atmosphere, followed by treatment with silane
gas (400 °C), followed by purging with He gas. An SEM-EDX analysis exhibits that Si was
incorporated between TiO2 domains. Negative electrode formulation: Ti-Si-O material,
graphite, VGCF (Showa Denko), carbon black, CMC (CMC1300 from Daicel), SBR (10.1 :
79.9 : 3 : 2 : 2.5 : 2.5 by mass). In half cells, a discharge capacity of 494 mAh/g was
observed and a 1st cycle efficiency of 89.3%.
This work could allow for negative electrode active materials with favorable longevity, if the
material exhibits reduced parasitic reactivity as compared to SiOX (X ≈ 1).
C) Surfaces & coatings
• COMPOSITE PARTICLE FOR NEGATIVE ELECTRODE OF LITHIUM ION SECONDARY
BATTERY (Google, 2020): porous Si particles (ANSY360, from AUO Crystal) were heattreated in combination with pitch to produce carbon-coated Si particles.
Use of porous Si particles could further improve cycling stability.
F) Negative electrode active materials & formulations for solid-state or semi-solid Li-ion
batteries
• COMPOSITE MATERIAL, MANUFACTURING METHOD THEREFOR, NEGATIVE
ELECTRODE MATERIAL FOR LITHIUM ION SECONDARY BATTERY, AND THE
LIKE (Google, 2021, covered in patent update): this patent describes efforts towards making
titanium oxide coated anode materials that can be used in combination with sulfide solid
electrolytes. SCMG artificial graphite and an Si-carbon material were combined with
titanium oxide and dry-mixed (VM-10 mixer, Dalton Corp.), followed by a heat treatment
(1,100 °C with SCMG precursor, 700 °C with Si-carbon precursor, 1 h, nitrogen
atmosphere). This material was further treated with an MP-01 mini (Paulec Co.) apparatus to
obtain a titanium oxide coating, followed by another heat treatment (400 °C, air, ≤25%
humidity). The coating leads to improved cycling stability.
This work illustrates how Showa Denko employs a titanium oxide coating to graphite and
Si-carbon materials to improve longevity in cells with sulfide solid electrolytes.
• ALL-SOLID LITHIUM ION BATTERY NEGATIVE ELECTRODE MIXTURE AND ALL-SOLID
LITHIUM ION BATTERY (Google, 2020): Si particles (50 nm average diameter, 51.5 m2/g
BET SSA) and petroleum pitch (10 : 11.54 mass ratio) were mixed at 250 °C at high shear
rate under inert gas, followed by a heat treatment (up to 1,100 °C, under nitrogen). With the
resulting material, negative electrodes were prepared in combination with 3 mass% Super
C45 carbon black (IMERYS Graphite & Carbon) and 3 mass% polyacrylate binder. Solidstate battery cells were prepared with Li2S∙P2S5 and an LCO-based positive electrodes.
This work illustrates how Showa Denko is optimizing its negative electrode active materials
for use with sulfide electrolytes.
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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. >2.2 Mio. 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: H01M (batteries & fuel cells) or H01G (capacitors). In this review, patent
families published between January 1st, 2017 and November 11th, 2021 were studied
(publication date of earliest patent family member). Patent families that were not available in
English in the EPO database were Google machine translated (titles, abstracts, applicants).
Some Google translations of applicants were manually corrected. A machine learning (ML)
model was defined for commercially relevant negative electrodes of Li-ion batteries (without Li
metal electrodes). Patent documents were grouped into patent families and scored with the
corresponding ML model. An ML relevancy score cutoff value of 40 was applied (100: very
relevant, 0: not relevant). For companies listed in Table 2, scores between 35 and 45 were
checked manually and false-positives / false-negatives were corrected if necessary. To
generate Table 3, the ML model for solid / semi-solid Li-ion battery electrolytes was employed
in combination with the ML model for Li-ion battery anode materials (without Li metal
electrodes) to identify patent families with a connection to both of these categories. Only
private / commercial companies are included in the statistic.
The methodology was validated with patent families filed in 2020 and 2021 by Posco. 20
patent families by Posco were manually classified as relevant. All of these patent families
exhibit an ML score of ≥40 (higher than cutoff value). 1 patent with an ML score of 44 was
manually classified as not relevant (false-positive, lithium metal electrode). 60 additional patent
families by Posco were manually classified as not relevant and exhibit an ML score of <40
(lower than cutoff value).

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
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WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND
NONINFRINGEMENT.

Appendix: Example of b-science.net Triweekly Patent Update
Version: 2022-01-18
Lithium-ion batteries - negative electrode (excluding Li metal electrodes)
• ALL-SOLID-STATE BATTERY COMPRISING SILICON (SI) AS ANODE ACTIVE
MATERIAL (Google)
Applicants: LG ENERGY SOLUTION / UNIVERSITY OF CALIFORNIA (Prof. Shirley Meng
and coworkers) / WO 2021251598 A1
Cells were built with sulfide electrolyte and micro-scale Si (3-5 µm) in the negative electrode,
without carbon and only with a minimal amount of binder (0.1 mass% PVDF).
Solid electrolyte layer: Li6PS5Cl (NEI Corporation) thickness of 700 µm, prepared by
pressing 75 mg at 370 MPa between two titanium rods.
Negative electrode: Si powder (Alfa Aesar, 3-5 µm particle diameter) / PVDF (Arkema Kynar
HSV-900), mass ratio: 99.9 : 0.1. An N-methyl-2-pyrrolidone (NMP) slurry was coated on Cu
current collector foil (45 µm thickness, 13.2 mAh/cm2).
Positive electrode: NMC811 (LG Chem), Li6PS5Cl (NEI Corporation), VGCF (vapor grown
carbon fibers, Sigma Aldrich, graphitized, iron-free), PTFE (polytetrafluoroethylene, Dupont),
mass ratio 78 : 19.5 : 2 : 0.5. Process: dry-mixing in a heated mortar, followed by hot-rolling
using a stainless steel cylinder.
As shown in the Figures below, the reversible formation of a uniform Li-Si alloy phase was
observed that underwent reversible cycling with superior efficiency in the presence of sulfide
solid electrolyte as compared to liquid electrolyte. These findings and in particular the reason
for improved electrochemical performance in the absence of carbon have also been
discussed and rationalized in detail in a Science paper (Sept 2021):
https://www.science.org/doi/epdf/10.1126/science.abg7217
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If upscaling and implementation in the context of additional constraints of commercial cells is
successful, favorable energy density could be combined with substantially reduced anode
material costs as compared to high energy Li-ion batteries with liquid electrolytes. An
interesting question is whether similar findings will be made with electrolyte classes other
than sulfides.
• Carbon-coated composites and their uses (Google)
Applicant: Showa Denko / JP 2021187708 A
Activated carbon (BET specific surface area: 900 m2/g) was treated with silane gas in a tube
furnace (1.3 volume% in nitrogen, 500 °C, 760 torr, 6 h). The resulting composite particles
exhibit a silicon content of 45 mass% and a BET specific surface area of 16.9 m2/g. The
material exhibits a reversible capacity of 1,800 mAh/g and a first cycle efficiency of 91.2%.
Electrolyte: ethylene carbonate (EC) / ethylmethyl carbonate (EMC) / diethyl carbonate
(DEC) = 3 : 5: 2 by volume, additives: vinyl carbonate (VC, 1 mass%), fluoroethylene
carbonate (FEC, 10 mass%). In full cells with LCO-based positive electrodes, 60% capacity
retention was observed after 50 cycles.
While a favorable 1st cycle efficiency was obtained, further work appears to be necessary to
improve cycling stability in full cells.
• Negative active material and preparation method thereof, negative electrode and
rechargeable lithium battery (Google)
Applicant: Samsung SDI / CN 113823776 A
Si particles (100 nm diameter, obtained through pulverization) were spray-dried to prepare
silicon clusters (D50: 5 µm), followed by a chemical vapor deposition (CVD) treatment with
ethylene gas (800 °C), followed by a CVD treatment with methane / ammonia (NH3) = 4 : 3
by volume (1,000 °C). These conditions result in the growth of piperidine trimers on the Si
surface. Composition of resulting material: Si / amorphous carbon / nitrogen-containing
carbon = 55 : 20 : 25 by mass. As shown in the Figure below, the resulting material (示例1)
exhibits improved cycling stability as compared to comparative materials with different carbon
surfaces (negative electrodes with 1 mass% carboxymethyl cellulose and 1.5 mass%
styrene-butadiene rubber binder) .
This work illustrates how the presence of nitrogen in carbon coatings of Si active materials
can be beneficial for cycling stability.
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