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Introduction


Focus of this Review

 
This review is designed for R&D, IP, product management, business development and VC 
decision makers involved with the prospective launch of novel Si-based negative electrode 
materials and corresponding Li-ion battery cells. Since 35-45% of high-tech product launches 
failed as of 2022, the employment of tools that improve decision-making in this domain is 
highly advisable. Several of the key players discussed in company chapters below have 
purchased b-science.net subscriptions.


Based on a unique AI-supported approach, this review highlights commercially relevant 
technical and patent information that has been identified among the >100k battery patent 
documents published every year. Divergent technical decisions are visualized and discussed, 
which have been taken by key commercial players.


Patents are classified according to these categories: 


A)	 Active materials – chemical composition

B)	 Active materials – nano- & micro-architectures, composites 
C)	 Active materials – surfaces & coatings 
D)	 Large scale manufacturing, reliability 
E1)	 Negative electrodes for cells with liquid carbonate-based electrolytes 
E2)	 Negative electrodes for cells with semi-solid electrolytes 
E3)	 Negative electrodes for cells with all-solid electrolytes
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Patent portfolios are compared to public technical statements at conferences and in news 
reports about the characteristics of next-generation products and up-scaling timelines.


For tailored patent searches with prospective commercial relevance scoring, the AI models 
used for preparation of this review are available to users on b-science.net.


Si-based Electrodes for Cells with Liquid, Semi-solid & All-solid Electrolytes – 
Opportunities, State-of-upscaling, Challenges, Competitive Threats	  
 
Table 1: commercialization phase of companies that develop or deploy Si-based active 
materials


 
Technology Decision Trees & Discussion 

The technology decision trees below should not be regarded as comprehensive, because the 
selection of a limited number of ‘commercially relevant’ patents among the ≈3k battery patents 
published each week involves substantial ‘tree trimming’ (of branches that would be 
commercially relevant in a more narrow, ‘zoomed-in’ category).


However, the technology decision trees below are designed to serve as a source of inspiration 
for novel inventions and for the identification of technical approaches that have been ‘under-
explored’ thus far, at a suitable ‘zoom level’.


The coloring scheme below is used for Figures 2-19. As compared to the 2022 review edition: 

• Added / changed branches are displayed in red.

• Unchanged branches are displayed in black.

• Branches for which the underlying patent discussion has been dropped from the current 

review edition are displayed in gray. These patent discussions are available in the 2022 
review edition. 
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Since the 2022 edition of this review was published, several synthetic approaches to nano-Si 
have attracted substantially increased commercial interest (Figure 3): 

• CVD (monosilane) deposition, including on carbon scaffolds (further discussed in relation 
to Figure 6), on Si nano- or microparticles (BTR, LG Energy Solution), on Cu current 
collector foils (Amprius, LeydenJar), on various substrates (OneD Battery Sciences). 
Unique capability: synthesis of various nanostructures with Si domain size of <50 nm and 
extremely limited oversize structures. 
Leap of faith: the above structures and sufficient corresponding cell performance can only 
be obtained through monosilane CVD deposition, not through low-cost modification of low-
cost metallurgical Si precursors. 
With regards to Amprius & LeydenJar, the leap of faith further includes the assumption that 
Si deposition can be carried out fast enough (ideally >100 m/min, if EV applications are to 
be targeted) to justify the employment of a roll-to-roll Si deposition process on current 
collector foils.


 
Figure 3: technology decision tree – nano-Si (synthetic processes)
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AI-based Identification of Commercially Relevant Patents 

b-science.net has developed a supervised AI 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 
comprehensively identify & classify patents by companies active in commercial R&D on Li-ion 
battery negative electrodes (Table 2).


Table 2: number of commercially relevant high-energy Li-ion battery anode patent families / 
utility models (publication of first family member, without lithium metal electrodes, without 
patent filings by academic institutions)

Teal: companies discussed with a chapter


    

Assessment of Companies 

Key commercially relevant patent filings and public technical statements are discussed in the 
company chapters below, which results in a projection by the author in the form of industrially 
plausible manufacturing processes that could allow for the synthesis of novel Si-based active 
materials (prospective active material characteristics are also listed).


In the following chapters, patent families that were not covered in the prior review edition 
(February 2022) are shown in red.


Author comments are displayed in maroon.


Company Country 2022 2023 2024 
(until 
21.8.)

2022- 
2024

Joint patent filings

LG Chemical / LG 
Energy Solution

South Korea 57 131 146 334
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Example of Company Chapter – Umicore – Belgium 

Organization profile 

Umicore (http://www.umicore.com/) is a market-leading supplier of NMC cathode materials 
that is also active in transition metal recycling.


Unique capability: Si-carbon composite formation process that involves RF-ICP (radio 
frequency inductively coupled plasma).

 
Leap of faith: manufacturing can be upscaled quickly and cost-effectively as claimed 
(presumably involving RF-ICP-based Si volatilization and formation of Si nanoparticles), 
achieving  a sufficiently small Si particle size to achieve sufficient cycling stability. To the extent 
of the author’s knowledge, RF-ICP is not used at current to commercially produce materials 
used in the Li-ion battery industry. Thermal plasma gasification plants with >500 tons per day 
capacity have been built to treat municipal solid waste, which might be considered as industrial 
scale validation of a related process in a comparably cost-sensitive application (waste 
disposal).


Key differences as compared to 2022 review edition 

• Umicore announced its plans “to be the 1st European silicon anode player at scale”.


• According to a patent portfolio analysis, Umicore might target an anode material with well-
rounded performance by incorporating RF-ICP volatilization and deposition of Si 
nanoparticles into a sulfur-containing carbon matrix (no use of monosilane gas).


Possible composition of future silicon-based negative electrode active materials (for 
liquid carbonate-based, semi-solid or solid electrolyte cells) 

• According to a SEM image from a presentation at The Battery Show Europe 2023 (slide 11), 
the active material appears to consist of microparticles that contain homogeneously mixed 
Si-carbon nano-domains (without or with a small volume of void space), mixed with 
graphite flakes.


• BET SSA of 4.8 m2/g (might be further reduced by applying a carbon or polymer coating, 
although no recent patent literature was identified in this regard).


• Si / O / S / C mass ratio of 40.1 : 3.4 : 0.109 : 56.4.

• Particle size distribution of Si nanoparticles: dNS10 = 59 nm, dNS50 = 114 nm, dNS90 = 192 

nm. Presumably, the evolution towards higher capacity and Si content in Si-carbon 
composites goes along with further reducing Si nanoparticle size.


• Oxygen content of Si nanoparticles: 7.8 mass%. 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Figure U1: projected manufacturing process for Si-carbon composite active material by 
Umicore (red: changes vs. 2022 review edition, up-scaled implementation may vary) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Public technical statements & reports


At The Battery Show Europe in June 2023, Jean-Sébastien Bridel (Anode Program Manager) 
stated:

• Their target is to become the first European silicon anode player at scale.

• By 2029, Si-carbon composite active materials will supersede SiOX in terms of volumes 

deployed in cells.

• They are in the process of launching Si-carbon composite materials that are not produced 

from silane gas.

• In terms of the IP landscape, freedom of operation is higher in the area of Si-carbon 

composites as compared to SiOX (control of key IP by a few major players).

• They have an anode-related IP portfolio with 39 patent families (over 200 patents).

• Several EV customers (battery makers and OEMs) confirmed the favorable and well-

balanced performance of their Si-carbon active material (active material is being delivered 
to these customers at ton-scale).


• They achieve the best costs (USD/kWh) upon use of abundant raw materials, and can scale 
up their process based on easy equipment access.


• Their UM1500XX and UM1650XX grades exhibit capacities of 1,500-1,650 mAh/g.
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• Their UM1300MG grade exhibits a capacity of ≈1,300 mAh/g and a capacity retention of 
≈87% after 1,000 cycles (1 C charge / discharge, NMC811-based positive electrodes). An 
SEM image after cycling (slide 11) suggests that Si-carbon composite microparticles 
remained intact, inside which Si and carbon nanodomains appear to be homogeneously 
distributed. Favorable stability due to an engineered Si-carbon interface and Si volume 
change compensation by the carbon matrix are claimed.


• Their Si material does not undergo a phase change during cycling.

• No pre-lithiation is necessary.


General patent portfolio characteristics 

7 new patent families by Umicore have been published since 2022 that are related to high-
energy Li-ion battery anodes (without lithium metal anodes). 3 new lithium metal anode patent 
families have been published since 2022.


Example from the patent portfolio 

Active materials – A) chemical composition; B) nano- & micro-architectures, composites; 
C) surfaces & coatings 
• Process in Figure U1 – A POWDER FOR USE IN THE NEGATIVE ELECTRODE OF A 

BATTERY, A METHOD FOR PREPARING SUCH A POWDER AND A BATTERY 
COMPRISING SUCH A POWDER  (Google, published in 2023, covered in patent update): 
micron-sized silicon powder was injected into an RF-ICP (200 g/h, 60 kW, reaction 
temperature >2,000 K), which resulted in complete vaporization, followed by deposition in 
an argon gas flow (20 Nm3/h, <1,600 K), followed by a passivation step (100°C, 5 min, 100 
L/h, N2/O2 = 99 : 1 molar ratio).

The resulting material exhibits a BET SSA of 81 m2/g, an oxygen content of 7.8 mass%, 
and a number-based particle distribution of dNS10 = 59 nm, dNS50 = 114 nm, dNS90 = 192 
nm.

This powder was blended with petroleum-based pitch powder and sulfur (100 : 200 : 0.45 
by mass, 400°C, under nitrogen, Cowles dissolver-type mixer, 3 h total mixing time in 
multiple steps), followed by pulverization, sieving, a heat treatment (heat at 3°C/min to 
1,020°C, hold for 2 h), sieving.

The resulting material exhibits a BET SSA of 4.8 m2/g, an Si / O / S / C mass ratio of 40.1 : 
3.4 : 0.109 : 56.4 and a first cycle discharge capacity of 1,342 mAh/g. Negative electrodes 
in which graphite active material was additionally included exhibit a 1st cycle discharge 
capacity of 847 mAh/g, a coulombic efficiency of 90.73%, and an average coulombic 
efficiency in cycles 5-50 of 99.79% (half-cells), as compared to 846 mAh/g, 89.31% and 
99.64% for a comparative example with an active material that was prepared without sulfur.
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Additional, earlier patent families follow a similar RF-ICP-based approach to obtain Si 
nanoparticles, while relying on different carbon precursors that apparently led to worse 
electrochemical performance as compared to the approach discussed above:

- WO 2022074031 A1 (Google): use of petroleum-based pitch without sulfur.

- WO 2023275223 A1 (Google): use of phenol-formaldehyde resin without sulfur.

This work illustrates how the presence of a minor amount of sulfur improves the 
electrochemical characteristics of Si-carbon composite materials.

This patent filing could plausibly cover the active material presented at Battery Show 
Europe 2023 (see above), although there is no absolute guarantee that this is the case.


Key earlier patent that might correspond to prospective commercial products 

Active materials – B) nano- & micro-architectures, composites; C) surfaces & coatings 
• Process in Figure U1 – A POWDER FOR USE IN THE NEGATIVE ELECTRODE OF A 

BATTERY, A METHOD FOR PREPARING SUCH A POWDER AND A BATTERY 
COMPRISING SUCH A POWDER  (Google, published in 2021, covered in patent update, 
granted by CN): a sub-micron silicon powder (d90 : 205 nm) was synthesized by applying 
60 kW RF-ICP to a micron-sized silicon powder (argon as plasma and quenching gas, 
>2,000 K reaction temperature). In a passivation step, the powder was treated with a 
nitrogen / oxygen mixture (1 mol% oxygen, 100°C). This powder was mixed with zirconium 
powder (average particle size 50-100 nm) and ball-milled under argon, followed by a heat 
treatment (773 K, 2 h, dry argon, <3 ppm water, <3 ppm oxygen). Oxygen content in 
product particles: 8.7 mass%, Zr content: 0.1-5 mass%, BET SSA: about 83 m2/g. Using 
an XPS analysis, the oxidation state of Zr near the surface (up to 10 nm depth) was 
confirmed to be +IV. It is unexpected that a 1st cycle efficiency of 88.15% is reported in 
consideration of the high surface area of the Si particles and that 25 mass% carbon black 
were used in negative electrodes along with 2 mass% carbon fibers and 25 mass% PVDF. 
This work suggests that a ZrO2 coating of Si nanoparticles results in a favorable 
electrolyte / electrode interface in cells. 

Patent Analysis AI 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. >2.8M patent documents are 
included in the b-science.net database 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). An AI 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 AI model. An AI relevancy 
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score cutoff value of 40 was applied (100: very relevant, 0: not relevant). Only private / 
commercial companies are included in the statistics.


The methodology was validated with patent families by LG Energy Solution / LG Chemical 
published in 2023 (until November 29th). 129 patent families were manually classified as 
relevant. 123 of these patent families exhibit an AI score of ≥40 (correct AI classification). 1 
patent with an AI score of 84 was manually classified as not relevant (1 false-positive). 6 patent 
families with AI scores of >30 were manually classified as relevant despite an AI score below 
40 (6 false-negatives). 2,728 additional patent families were manually classified as not relevant 
and exhibit an AI score of <40 (correct AI classification).


Appendix: Example of Triweekly Patent Update


Version: 2024-07-30 (Excel Patent List)


JAGGED ELECTROCHEMICALLY-ACTIVE COMPOSITE PARTICLES FOR LITHIUM-ION 
BATTERIES (Google)  
Applicant: SILA NANOTECHNOLOGIES / WO 2024145561 A1

Cuboid Si-carbon composite active materials were prepared as shown in the SEM images 
below (top: Si-carbon material powder, bottom: Si-carbon / graphite-based electrode cross-
section). 

Negative electrode types A (≈600 mAh/g capacity) and B (≈1,000 mAh/g capacity) were 
prepared upon mixing with graphite, polyacrylic acid (PAA, ≈4 mass%) and single-walled carbon 
nanotubes (SWCNT, 0.05 mass%). 

While details for the whole manufacturing process were not identified, a detailed analysis of the 
impact of ball milling as compared to jet milling is included as shown in the graph below, which 
illustrates that jet milling results in a more narrow particle size distribution. 

Extensive comparative pouch cell cycling stability data illustrates that an Si-carbon composite 
material with a narrow particle size distribution and a BET specific surface area of 3.7 m2/g 
exhibits the highest cycle life (2,276 cycles until 80% capacity retention, NMC811-based positive 
electrodes, negative electrode areal capacity: ≈4.1 mAh/cm2, 2 C charge to 4.0 V, then 1 C 
charge to 4.2 V, then 0.05 C charge, 1 C discharge).
SPAN: (D90 - D10) / D50 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This work tends to suggest that Sila Nanotechnologies shifted its focus from spherical to cuboid 
Si-carbon composite particles with narrow particle size and a BET specific surface area of ≈3.7 
m2/g, presumably obtained through jet milling prior to applying the carbon coating. 

Presumably, improved longevity was obtained because cuboid particles less easily lose particle-
particle contact upon volume expansion (face-to-face contact by cuboid particles as opposed to 
point-to-point contact between spherical particles). 

In addition, high volumetric energy densities can also be achieved with cuboid active material 
particles (less void space as compared to spherical particles with narrow particle size 
distribution). 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COMPOSITE PSD BLEND COATING CYCLE LIFE 
PARTICLE ELECTRODE (BROAD OR 010 050 000 099 FWHM BET SSA CAPACITY DENSITY (N80) 
SAMPLE NO. TYPE NARROW) [um) (µm) (µm) (µm) SPAN (µm) 010'050 (m2/g) (mAh/g) (glcm3) (CYCLES) 

1 A BROAD 1.1 3.65 8.49 1238 206 8.5 30% 14.3 600 1.53 973 
1 B BROAD 1.1 3.65 8.49 1238 206 8.5 30% 14.3 100:J 1.27 530 
2 A BROAD 1.34 503 11.21 15.54 1.92 8.5 27% 9.8 600 1.65 1203 
2 B BROAD 1.34 503 11.21 15.54 1.92 8.5 27% 9.8 100:J 1.33 701 
3 A BROAD 2.11 8.02 17.44 24.56 1.9 16.0 26% 6.9 600 1.67 1380 
3 B BROAD 2.11 8.02 17.44 24.56 1.9 16.0 26% 6.9 100:J 1.35 840 
4 A BROAD 2.58 10.16 22.6 32.86 1.97 230 25% 6.3 600 1.76 1254 
4 B BROAD 2.58 10.16 22.6 32.86 1.97 23.0 25% 6.3 100:J 1.38 762 
5 A BROAD 3.01 13.31 30.48 44.12 2.07 25.0 23% 5.8 600 1.71 1106 
5 B BROAD 3.01 13.31 30.48 44.12 2.07 25.0 23% 5.8 100:J 1.36 709 
6 A NARROW 0.9 2.69 5.41 7.56 1.58 3.0 33% 14.5 600 1.65 963 
6 B NARROW 0.9 2.69 5.41 7.56 1.58 3.0 33% 14.5 100:J 1.32 643 
7 A NARROW 4.69 6.77 9.67 12.11 0.74 5.5 69% 6.7 600 1.59 2251 
7 B NARROW 4.69 6.77 9.67 12.11 0.74 5.5 69% 6.7 100:J 1.38 1071 
8 A NARROW 7.05 9.82 13.68 16.92 0.67 6.0 72% 3.7 600 1.63 2276 
8 B NARROW 7.05 9.82 13.68 16.92 0.67 6.0 72% 3.7 100:J 1.38 1280 
9 A NARROW 11.61 16.8 23.96 3062 0.74 8.0 69% 2.8 600 1.64 1919 
9 B NARROW 11.61 16.8 23.96 30.62 0.74 8.0 69% 2.8 100:J 1.42 846 
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A porous silicon material and its preparation method and use (Google)  
Applicant: Hunan Shinzoom Technology / CN 118255357 A 

Nickel-silicon alloy powder (D50: 8 μm, 20 mass% Si) was treated with CO gas in a rotary nickel 
carbonyl synthesis reactor with a screw conveyor (countercurrent CO gas flow, 65°C, 0.08 MPa, 
20 h), which resulted in nickel carbonyl gas and a porous Si material.
The porous silicon material was passivated with an oxygen / argon gas mixture (5 : 95 by 
volume, see SEM image below).
No electrochemical data is included in the patent application.  

This process could allow for the avoidance of comparably hazardous aqueous HF-etching 
process steps. 
 
Considering that nickel carbonyl gas is carcinogenic, advantages and disadvantages as 
compared to HF-etching processes have to be carefully considered. 
 
Nickel carbonate gas can be recycled back to nickel metal and CO gas using a well-known 
industrial process (at 220-250°C).

A silicon-carbon composite negative electrode material and its preparation method and use 
(Google)  
Applicant: Hunan Shinzoom Technology / CN 118248843 A

Porous carbon was CVD (chemical vapor deposition)-treated with a SiH4 (monosilane) / PH3 

(phosphine) / H2 (hydrogen) gas mixture (600°C, 10 h, gas volume ratio not disclosed), followed 
by another CVD treatment (700°C, 8 h, methane / argon, gas volume ratio not disclosed). It is 
argued that P-Si-P bonds are formed because PH3 is used as opposed to elemental P.
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In half-cells, a discharge capacity of 1,701 mAh/g and a first cycle efficiency of 91.3% were 
measured, as compared to 1,656 mAh/g and 87.9% for a P-free comparative material.
In full cells (LiCoO2-based positive electrodes), a capacity retention of 92.8% was measured (5 
C charge / discharge), as compared to 70.0% for a P-free comparative material.
This work suggests that P-doping (PH3 as CVD-precursor) results in substantially 
improved longevity upon fast charge / discharge.

Disclaimer 
 
All warranties and liabilities on the part of b-science.net GmbH (LLC) and its affiliates are 
excluded, including, without limitation, guarantees as to fitness for a specific purpose, non-
infringement, accuracy or completeness. 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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