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SUMMARY

® Silicon-based anodes (Si anodes), a leading candidate for next-generation battery anodes, are
approaching practical levels of performance due to technological advances. Production has been
expanding in the US, South Korea, China, and elsewhere since 2024.

® Unlike for graphite anodes, for which China holds an overwhelming share, the race to create an
industry for Si anodes is just beginning. China, able to leverage economies of scale in battery
materials and manufacturing equipment industries, is expected to lead in large-scale production
and cost reduction. However, the US and others are ahead in manufacturing technology and
product performance.

® Resolving issues such as volume expansion during charging requires developing new materials
such as carbon nanotubes and binders. Collaboration across the entire supply chain, not just
among Si anode companies, will be key to that.

1. SILICON-BASED ANODES (S| ANODES) IN THE SPOTLIGHT

Si anodes are gaining attention as promising anode materials in the development of next-generation lithium-ion
rechargeable batteries! (LIBs) that surpass current LIBs in performance metrics such as energy density? and
charging speed.

In LIBs, where charging and discharging occur as lithium ions move between the cathode and anode, anodes
play a crucial role in storing lithium ions during charging and releasing them during discharging, and this material
significantly influences LIB performance (Figure 1). The lithium-ion storage capacity of the currently mainstream
graphite anodes is approaching the upper limits of theoretical capacity, becoming one of the bottlenecks for
improving battery performance. On the other hand, silicon has a theoretical capacity far exceeding graphite and
is abundant as a resource, and research and development for it as a promising next-generation anode material
has been done. However, due to issues such as significant volume expansion during charging and rapid
degradation, its use was limited to applications like mixing trace amounts of silicon material with graphite.

Since the 2020s, advancements in technology for suppressing volume expansion through new materials and
manufacturing processes have increased the application of Si anodes in smartphones. Performance is also
approaching levels required for implementation in applications such as electric vehicles. Development and

! Batteries that can be recharged and repeatedly used (Source: National Institute of Advanced Industrial Science and Technology
(AIST))
2 Energy per unit mass, or the amount of energy that can be extracted per unit volume. Expressed in units such as Wh/kg or Wh/L.
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implementation are accelerating, particularly among Si anode companies in the US, South Korea, and China.
And a shift from small-scale prototype production to mass production is expected from around 2025.

Figure 1: Lithium-ion battery structure and charging/discharging mechanism
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Source: Compiled by MGSSI based on New Energy and Industrial Technology Development Organization (NEDO) “focus NEDO 2018 No.69”

2. CHALLENGES FOR LIB ANODES AND DEVELOPMENT TRENDS IN SI ANODES

2-1. CHALLENGES FOR LIB ANODES AND APPLICATION OF SILICON MATERIAL
FOR ANODES

There are two main types of graphite anode materials—synthetic graphite and natural graphite—and together
those account for more than 90% of the LIB anode market. However, for both types, the capacity index
determining a battery’s electricity storage performance is coming close to the theoretical capacity, leaving
limited room for further performance improvement. Furthermore, China, which accounts for more than 60% of
global production, has tightened export controls, making raw material procurement risks more apparent. New
anode materials are required for development of next-generation batteries with higher performance than current
LIBs and that can be procured more stably.

Silicon and lithium metal, with theoretical capacities more than ten times greater than that of graphite, are
emerging as strong candidates. Lithium metal faces a critical challenge of a short cycle life. This is caused by
the formation of lithium-ion dendrites during charging and discharging, and since the technology to suppress
this is not yet established, practical application will take time. Silicon has a high-volume expansion rate, making
the practical use of an anode made entirely of silicon still difficult. However, the implementation of Si anodes
incorporating silicon materials processed to suppress volume expansion by means such as nano sizing of
particles, ) and conventional graphite materials has already begun.

2-2. DEVELOPMENT TRENDS IN SI ANODES

Current Si anode materials are primarily silicon oxide-based SiOx (0 < X < 2) and silicon-carbon composite
materials (Si/C). The blending ratio with graphite remains low at around 5 to 10%, limiting the effects of
performance improvement, such as in capacity (Figure 2). The key to future technological competition will be
to increase the proportion of silicon material while maintaining performance stability.

SiOx exhibits volume expansion kept within twice that of pure silicon and offers longer cycle life over that of
Si/C, leading to its early implementation in areas such as some high-end smartphones. However, the
conductivity of SiOx is low. Moreover, an irreversible reaction forms lithium silicate compounds during the initial
charge, reducing the lithium ions available for battery charge/discharge and significantly lowering the initial
coulombic efficiency, which indicates the ratio of discharge capacity to initial charge capacity. A method of

2
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solution called pre-doping exists where the amount of lithium ions consumed during the first charge is added to
the anode in advance. However, the high cost—said to be over ten times that of graphite anodes—hinders its

widespread adoption.

On the other hand, while Si/C has primarily been manufactured using the ball milling method until now, this
method is prone to silicon particle aggregation and impurity contamination, leading to issues such as short cycle
life. The Si/C developed by Group14 Technologies (Group14) in the US, produced using chemical vapor
deposition (CVD) to deposit silicon nanoparticles onto porous carbon, has an effect of absorbing silicon

September 2025

expansion due to the porous carbon’s hollow structure. It also exhibits improved cycle life.

Figure 2: Comparison of performance of anode materials

Index Unit |Graphite Silicon Lithium
Theor.etic capacity of mAh/g 372 4,200 3,862
material

mAh/cm® |837 9,786 2,047
Expansion rate % 12 320 100
Main anode material Natural graphite |Synthetic graphite |SiOXx Si/C Metal lithium
;(;r;;nercialization Mass production Mass production Initial introduction | Initial introduction  |Under development
Market share 14.0% 83.0% 1.9% n/a
(Note 1)
Capacity mAh/g 340 to 370 310 to 360 1,400 to 1,700 (1,300 to 2,200 |3,862
Electrical conductivity 4 6 3 5 10 B =l 3 7
(Note 2) Sim 10" to 10 10° to 10 10" to 10 10" to 10 10
Cycle life Times 1,000 or greater {1,500 or greater {1,000 or greater |500 or greater 300 or greater
Initial coulombic % 90 to 93 90 to 96 65 to 75 85 to 90 90 to 95
efficiency
C rate (Note 3) High High High Medium High
Safety Medium to High  |High Medium Medium Low
Cost Low Low High High Highest

Note 1: 2024 results

Note 2: A physical property that expresses the ease with which electric current flows through a material. The unit is Siemens per meter (S/m).

Note 3: C rate refers to the charging and discharging speed of a battery. When measuring constant-current charge/discharge, 1C is defined as the amount of

current that fully charges (or discharges) a battery’s theoretical capacity in one hour. The higher the C rate, the shorter the charging and discharging speed is.
Source: Compiled by MGSSI based on various public information, including Sigmaaldrich (https://www.sigmaaldrich.com/JP/ja/technical-documents/technical-

article/materials-science-and-engineering/batteries-supercapacitors-and-fuel-cells/recent-developments-in-silicon-anode-materials?) accessed 11:00 July 18,2025,

and SNE Research (https://www.sneresearch.com/en/insight/release_view/430/page/0?s_cat=%7C&s_keyword=) accessed 10:00 July 17, 2025
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3. EXPANSION OF S| ANODE PRODUCTION GLOBALLY

Current production capacity and expansion plans for major global Si anode manufacturers are shown in Figure
3.

Figure 3: Si anode production capacity of major companies
Production capacity (kt/year)

Company Material Capacity (mAh/g) ) In Under n Notes
Location operation construction planning
Si/lC 1,800~2,200 China 10.0 30.0 Started production in 2025, primarily for small-scale shipments
(China) Shanshan Technology to consumer electronics markets.
X . SiOy 1,650~1,700 China 10.0 20.0 Started operation in December 2023.
(China) Yuling New Energy )
SilC 1,900~2,200 Under development
China) BTR SiOy 1,500 China 5.0 Developing Si/C with 2,000 mAh/g or higher. Scheduled to
( ma) Unknown China 15.0 25.0 begin shipments from 2025.
SiOy 1,300~1,700 South Korea 3.0 100.0  Started production in 2021, aiming for 100,000 tons/year by
(South Korea) Daejoo Electronic Materials 2030.
SilC 1,900 South Korea 2.0 Started shipping from September 2024 (Note 1)
(US) Group14 Technologies us 0.12 Pilot line started operation in 2019.
us 4.0 Scheduled to start operation by end of 2025.
(China) GUIBAO sio. wa China 10 3.0 70 The factory under construction is scheduled to begin operation
X . . . within 2025.
. . This major electrolyte solvent producer plans production
(China) Shandong Shenghua New Material SiOx n/a China 0.5 capacity of 30,000 tons/year over the long term.
Technology silc 1650~1,800  China 05
(China) Physgs SiO, 1,700 China 0.5 3.0 The planned factory is undergoing environmental assessment.
i ~ China Scheduled to start operation by end of 2025.
Si/C 1,630~2,175 0.1 1.0 P y
Si (Note 2) 3,400 China 0.4 19.6 Started operation from 2022.
(US) Amprius Technologies
X SilC 1,800 China 0.4 10 Started test production in July 2025.
(China) PTL New Energy Technology .
SiO, na China 2.1 Date not determined
SilC 1,500 us 0.3 2.0 Started test production in April 2025.
(US) Sila Nanotechnologies
Shin-Etsu Chemical SiOy n/a Japan na Developed high-capacity, high-output products.
j n/a France n/a Scheduled to begin shipping batteries using silicon anodes by
SiOy
(France) NOVACIUM SAS Q3 of 2025.
si/C n/a China 8.0 Scheduled to start production in Q1 of 2025. Also planning to
China) Livang Tianmu pilot battery material . produce 2,000 tons/year of porous carbon material.
(Technglogy 9 P v Sio, 1,200~1,500  China 18
Si/C 1,300~2,000 China 0.6
(US) NanoGraf SiOy 1,000~2,500 us 25 Announced factory construction in September 2024.
(China) Novusilicon SilIC 1,850~ 1,950 China 2.0 18.0 Scheduled to start test production in Q3 of 2025.
i China 0.1 Small-scale production underway since 2024; 1,000 tons/year
SiOy
(China) Solid New Material Technology porous carbon business in operation in Hunan Province.
(UK) NEXEON Si (Note 3) South Korea 1.5 Scheduled to start delivering from 2025.
Si/lC 1,800~2,075 China 2.0 Environmental assessment commenced in July 2025.

(China) Carbon ONE New Energy Group

*For companies in bold, more detailed explanations are included in the main text.

Note 1: At its founding, it was a joint venture between Group14 (25% stake) and South Korea’s SK inc. Materials (75% stake). In August 2025, Group 14 announced it had acquired all shares held by South Korea’s
SKinc. Materials, making it a wholly-owned subsidiary and its own factory.

Note 2: An anode using 100% silicon with a fine columnar structure called silicon nanowires

Note 3: A hybrid type combining porous silicon (up to 10%) and graphite

Source: Compiled by MGSSI based on various public data

US companies, particularly startups, possess some of the world’s top level technological capabilities. Group14
has developed a Si/C anode with energy density exceeding LIBs by 50% and ships it to more than 100 EV and
consumer electronics manufacturers. The SiOx anodes developed by US company NanoGraf have 30% higher
energy density than LIBs and achieve a cost per kWh comparable to synthetic graphite, making it a promising
alternative to graphite anodes. Japanese and Korean companies particularly excel in SiOx anodes. For example,
Shin-Etsu Chemical has imparted conductivity to SiO through a proprietary method, achieving higher
performance than conventional products, including reduced initial discharge capacity loss.

China has positioned Si anodes as a critical elemental technology to maintain leadership in the battery anode
industry and development of high-performance next-generation batteries. Led by major graphite anode
manufacturers, the country is accelerating development and production expansion, and it has the world’s largest
production capacity, including in planned projects. However, current products do not demonstrate significant
performance advantages over those of Japanese and US companies. Furthermore, many new factories are

4



Mitsui & Co. Global Strategic Studies Institute Monthly Report September 2025

following the lead of Group 14 and plan to produce Si/C, which is expected to see expanded application with
future EV batteries.

4. SUPPLY CHAIN COLLABORATION REQUIRED FOR EXPANDED IMPLEMENTATION

In order to expand Si anode implementation, technical challenges need to be solved, along with making
continuous performance improvements and further reducing manufacturing costs. Achieving this necessitates
collaboration across the entire supply chain—not only with Si anode companies, but also with parties such as
electrode additives, silicon raw materials, manufacturing equipment, and battery manufacturers.

4-1. COLLABORATION AND BUSINESS OPPORTUNITIES BETWEEN ANODE AND
MATERIAL COMPANIES FOR DEVELOPING MATERIALS FOR SI ANODES

To address volume expansion and other key challenges of Si anodes, the development and implementation of
novel electrode additives, including carbon nanotubes (CNTs)® used as conductive aids and high-performance
binders* are anticipated. CNTs, having excellent conductivity and mechanical strength, not only compensate
for silicon’s weakness of low conductivity but can also prevent volume expansion and internal structural
degradation by coating the silicon surface. Single-walled CNTs, whose mass production technology is still under
development, are expected to contribute significantly to the practical application of Si anodes as they exhibit
more than ten times the conductivity of multi-walled CNTs. Binders also require the development of new
materials suitable for Si anodes, as conventional products for graphite have difficulties in suppressing electrode
expansion in Si anodes.

Si anode companies worldwide are intensifying collaborations with battery material companies such as CNT
suppliers to achieve early implementation (Figure 4). In April 2025, China’s Shanshan formed a strategic
partnership with Luxembourg-based OCSIAl, the world’s largest single-walled CNT company, planning to
develop and launch Si anodes incorporating OCSiAl's single-walled CNTs. In May 2025, Group14, in
collaboration with German chemical giant BASF, announced Si anodes utilizing BASF’s high-performance
binder. This achieves approximately four times the capacity of conventional graphite cathodes while achieving
superior fast-charging performance, high energy density, and long cycle life. Japan, home to many
internationally leading companies in high-performance battery material technologies—such as Zeon, which
achieved the world’s first mass production of single-walled CNTs, and GS Yuasa Corporation, which developed
binders enabling both high energy density and long life in Si anode batteries—holds promise in new business
for Si anodes.

3 CNT (carbon nanotube): A tubular nanomaterial composed solely of carbon atoms (C). There are single-walled carbon nanotubes
(SWCNT), consisting of a single layer of tubes, and multi-walled carbon nanotubes (MWCNT), consisting of multiple layers stacked
together (Source: National Institute of Advanced Industrial Science and Technology (AIST)).

4 An adhesive that bonds active materials and conductive additives.
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Figure 4: Movements in inter-company collaboration for expanding Si anode production
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4-2. COLLABORATIONS ACROSS INDUSTRIES AND BETWEEN LARGE
CORPORATIONS AND STARTUPS TO REDUCE MANUFACTURING COSTS

In order to reduce the cost of materials and manufacturing, which is higher than for graphite anodes, inter-
company collaborations aiming for stable material procurement, larger production equipment, and leveraging
of existing battery manufacturing capabilities are also active. NEXEON of the UK is constructing a new plant in
South Korea, and it will receive supplies of the key raw material silane gas (SiH4) from a nearby plant of its
partner, the South Korean chemical company OCI. In June 2025, Chinese semiconductor material equipment
manufacturer Rhyme collaborated with Si anode startup Physgs, also of China, to develop a CVD system with
a 100 kg processing capacity. CVD systems, primarily used for Si/C production, currently mostly have
processing capacities in the tens of kilograms, and scaling up is expected to reduce manufacturing costs. To
move up mass production of batteries using Si anodes, startups such as Israel’s StoreDot are exploring
partnerships with Chinese and Korean battery companies to leverage their existing production capacity.
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5. PROSPECTS

Moving forward, Si anodes are expected to be progressively implemented in certain high-performance liquid-
based LIBs, semi-solid-state batteries® that have begun small-scale adoption primarily in China, and all-solid-
state batteries® slated for practical application around 2030. The application areas for these batteries will
gradually expand from initial uses in smartphones and power tools to large-scale applications such as drones,
eVTOLs’, EVs, and stationary energy storage. Costs are also expected to decrease as the scale of production
expands (Figure 5). South Korean market research firm SNE Research forecasts that Si anodes’ share of the
global anode market will expand from 3% in 2025 to 7% in 2030 and 10% in 2035. They anticipate the anode
market will gradually shift from graphite dominance to a coexistence of graphite and Si anodes.

Figure 5: Si anode market size (left figure) and price forecast (right figure)

Shipment volume (left) =O=Market size (right)  =C=Natural graphite Synthetic graphite =0=Si anodes
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Source: Compiled by MGSSI based on SNE Research
(https://www.sneresearch.com/en/insight/release_view/232/page/0?s_cat=%7C&s_keyword=) accesssed 12:00 July 18, 2025

It is still too early to predict the winner in the Si anode development race. While Chinese companies lead in
large-scale production and in cost reduction, achieving high performance that combines stability and safety will
be the top priority. For companies in Europe and the US that have started small-scale production, securing
demand is essential for sustained growth. For Japanese companies, it will be important to translate
technological advantages into a competitive advantage in the industry. Strategies are needed to complement
the supply chain and secure demand, including not only investing in promising companies domestically but also
globally, and pursuing horizontal collaborations. The nation’s leading practical application of Si anodes will likely
be those capable of executing the aforementioned supply chain collaboration and creating/expanding demand
for end products requiring high-performance batteries, such as drones and EVs.

3 There is no clear definition for semi-solid batteries. They are generally categorized into solid-liquid hybrid types using both liquid
and solid electrolytes and gel polymer or clay types where the electrolyte or electrode materials are gelled or clay-like.

% A battery where the liquid electrolyte is replaced with a solid electrolyte, and all materials are composed of solids (Source: National
Institute of Advanced Industrial Science and Technology (AIST)).

7 Electric Vertical Take-off and Landing aircraft.
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