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In March of 2026, the National Development and Reform Commission of People’s Republic of China announced the “Six
Pillar Industries,” which include integrated circuits, aerospace, biomedicine, low-altitude economy, new energy storage, and
intelligent robotics, and the “Six Future Industries,” which include quantum technology, biomanufacturing, future energy,
brain—computer interfaces, embodied intelligence, and sixth-generation (6G) cellular network technology. Most of these
fields require advanced batteries. In fact, for daily life, production, and national security, better batteries are required in all of
these fields. Lithium-ion batteries (LIBs) with nonaqueous electrolytes have been commercialized since 1991, and their share
of the battery market exceeded 90% in 2025. However, it is difficult for a traditional LIB to simultaneously achieve high
energy density, high power density, long cycle and calendar life, a high level of safety without thermal runaway and thermal
propagation, a wide operating temperature range, and low cost. Replacing unstable nonaqueous electrolytes with more stable
solid electrolytes has become a well-accepted strategy, such that the development of hybrid solid—liquid electrolyte batteries
(HSLBs) and all-solid-state batteries (ASSBs) has become the dominant trend in battery research and development [1].
Several different types of solid electrolyte for solid batteries have been developed since 1978 [2].

The following general requirements for the commercialization of solid batteries must be satisfied:

* Maintaining stable and large-area atomic-scale contact between solid electrolyte phase and solid electrode particles over
1000 cycles;

* Achieving high ion conductivity within thick electrodes and ionic conducting separators, even at low temperatures;

* Maintaining high electrochemical, chemical, and thermal stability of the cathode and anode materials until the end of
battery life;

* Controlling the volume expansion and contraction of active particles, electrodes, and cells within acceptable limits;

* Fabricating pore-free or low-porosity electrode sheets and ion-conducting membranes;

* Increasing resistance to thermal runaway and thermal propagation;

* Achieving solid-state battery (SSB) cell production capacities of over 1-10 GW-h per year per production line;

* Maintaining a low cost for cells and packs, comparable to that of current LIBs.

Since 2016, we have been developing an integrated solution to address all these requirements, called in sifu solidification
(ISS) [3—7]. As shown in Fig. 1, the electrode and cell are first wetted with a special liquid electrolyte (LE). This LE is then

converted into solid electrolyte by means of thermal initiation, ultraviolet (UV) curing, and electrochemical reactions,
resulting in the formation of continuous interface contact at the atomic level across the cell. This converted solid electrolyte



has a high ionic conductivity of over 2 mS-cm™!, exhibits excellent stability against cathode and anode materials throughout
the battery lifetime under varying states of charge (SoCs), has a high flexibility to match the volume variation of active
electrode particles, and possesses effective flame-retardant properties.
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Fig. 1. Scheme of the ISS of a liquid electrolyte for the fabrication of SSBs. UV: ultraviolet; SEI: solid electrolyte interphase; CEI: cathode—
electrolyte interphase.

ISS basically solves the issues of ensuring adequate solid/solid contact and interface stabilization in SSBs. In addition to
ISS, other significant strategies are also necessary for developing high-energy-density SSBs with balanced performance, as
shown in Fig. 2. These include O a thin (10-20 nm) mixed ionic conductor coating on active electrode particles; @)
stabilization of the cathode and anode interfaces through the formation of a solid electrolyte interphase; (3 a polymer—oxide
composite separator formed by ISS and incorporating nanosized oxide electrolyte particles into a porous polymer substrate
membrane; @ an interfacial modification layer to control lithium (Li) plating on the anode side; & low-expansion anode
materials, especially nano-silicon carbon composites; (€ prelithiation at anode and/or lithium compensation at cathode; (7
advanced binders and single-wall nanotube (SWNT) conductive additives; and a composite current collector.

Good solid/solid contact MIC thin layer coating on active particles

Low ASR cathode M
(<50cm?2) ~— A7
Low ASR anode A»l}},’i{{(‘ e —
(<30cm?) vv’,},’,;:; in situ solidification
Low ASR separator ‘E\ﬁ}:’/’{///‘
(<2Qcm?) S "\;’/ 7R
R

B K
n . : y o Wy
Preventing Li dendrite and ,"\‘:‘s'c’\lb/,’( Interfacial layer for controlling Li plating

Stabilizing CEI/SEI on electrode

Inorganic/polymer composite separator

continuous side reactions 6?%\\,"/.0,;
RS
X NS N
A7 XN
—2”}”/"“:‘

High thermal stable cathodewll}:é‘%“i
A‘

SR S a . .
f Long cycle life of electrodes ;v./ﬁ;,'-).@‘\\\\‘\( Low expansion anode materials
yid
\
— Prelithiation and lithium compensation

r High thermal stable anode j"’

L7 SO
/aa\\
Controlled volume change ‘ Composite current collector

Fig. 2. Technology targets and suggested solutions for SSB development. ASR: area-specific resistance; MIC: mixed ionic conductor; SWNT:
single-wall nanotube.
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We have proposed and developed four generations (or four types) of SSBs containing polymer—oxide composite
electrolytes; these generations differ in components, solid/liquid electrolyte ratio, and processing, as follows:

Gen 1.0 (SSB 1.0): Oxide electrolyte particles added in/on electrode and separator;

Gen 2.0 (SSB 2.0): SSB1.0 combined with ISS within the cell;

* Gen 3.0 (SSB 3.0): A solid-state cathode, anode, and separator produced via ISS, in addition to ISS within the cell;

Gen 4.0 (SSB 4.0): An all-solid-state cathode, anode, and separator via ISS.

Among these four generations, the nonaqueous electrolyte weight ratio contained in the cell roughly decreases as follows:
SSB 1.0 contains 1020 weight percent (wt%) LE; SSB 2.0 contains 5—10 wt% LE; SSB 3.0 contains 0.5-5.0 wt% LE; and
SSB 4.0 contains 0 wt% LE. Here, SSB 1.0 and SSB 2.0 can be regarded as semi-solid batteries, and SSB 3.0 can be regarded
as a quasi-solid battery. SSB 1.0 to SSB 3.0 are HSLBs, and SSB 4.0 is an ASSB. ISS is used in SSB 2.0 to SSB 4.0, making
it possible to encompass batteries with different energy and chemical systems, including sodium (Na)-ion batteries.

Thus far, SSB 1.0 has been used widely for mobile phones, drones, electric vehicles (EVs), and energy storage systems
(ESSs). In 2023, Beijing WeLion New Energy demonstrated SSB 2.0 to have an energy density of 360 W-h-kg™! in an EV
battery (i.e., NIO ET/ES/EC EV series). SSB 3.0 and SSB 4.0 are still in the pilot production stage and could be
commercialized by the end of 2027. In general, ISS technologies for SSBs are being continuously developed and upgraded.

Fig. 3 outlines the requirements for batteries from the computers, communications, and consumer electronics (3C), e-
transportation, and energy storage markets. It is widely anticipated that the energy density, safety, power density, and cycle
life will increase and the cost of SSBs will decrease on a yearly basis. Performance and safety are expected to remain stable
until the battery’s end of life (EoL). The batteries can be operated at a wide range of temperatures and even under extreme
conditions. Their SoC and state of health (SoH) can be monitored, controlled, and predicted during the whole life of the
battery, using intelligent methods such as sensors. Customers are generally unconcerned with whether a battery is liquid-
based or solid-state. Thus, SSBs should be developed to achieve all battery requirements without significant drawbacks.
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Fig. 3. Requirements for batteries from the computers, communications, and consumer electronics (3C), e-transportation, and energy storage
markets. EoL: end of life; S/LE: solid/liquid electrolyte; C: capacity; AV: volume variation of the cell; VR: virtual reality; NTP: no thermal
propagation; 20"~>6 MW-h: 20 s short-term power output with a capacity over 6 MW-h; P: power; ESS: energy storage system; Al: artificial
intelligence; V2G: vehicle-to-grid; FTM: front-of-the-meter.



In order to satisfy continuously increasing yearly demands, material and processing innovation are key issues in the
development of solid batteries. Fig. 4 lists materials for solid-state lithium batteries, and Fig. 5 depicts an intelligent
production line for SSBs with ISS technologies.
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Fig. 4. Materials for solid-state lithium batteries. NCM: nickel-cobalt-manganese oxide cathode; LCO: lithium cobalt oxide cathode; LMO: spinel
lithium manganese oxide cathode; LNMO: spinel lithium nickel manganese oxide; LFP: lithium iron phosphate; LEMP: lithium iron manganese
phosphate; LTO: lithium titanate; TNO: titanium niobium oxide; LATP: lithium aluminum titanium phosphate; LLTO: lithium lanthanum titanium
oxide; LLZO: lithium lanthanum zirconium oxide; LLNOF: lithium lanthanum niobium oxyfluoride; LZSPO: lithium zirconium silicon phosphate
oxide; LiODFB: lithium oxalyldifluoroborate; LiFSI: lithium bis(fluorosulfonyl)imide; PE: polyethylene; PP: polypropylene; PET: polyethylene
terephthalate; PVDF: polyvinylidene fluoride; PMMA: polymethyl methacrylate; LATP: lithium aluminum titanium phosphate; LLTO: lithium
lanthanum titanium oxide; PAA: polyacrylic acid; PAN: polyacrylonitrile; TPU: thermoplastic polyurethane.
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Fig. 5. An intelligent production line for SSBs with ISS technology.



Although many types of materials used in LIBs can be directly used in SSBs, further modifications and innovations of
available materials are still necessary to achieve better electrochemical performance and greater safety. Typical approaches
to improve the performance, durability, and safety of active materials include ultrathin mixed-ionic-conductor coatings, lattice
doping, single-crystal structures, and additional protective layers. In addition, eliminating continuous side reactions with solid
electrolyte can unlock the potential of high-energy-density electrode materials, including conversion-type cathodes such as
S, FeS,, and FeF3, as well as lithium-metal, lithium-composite, lithium-alloy, and self-generated anodes.

In particular, solid electrolytes and ion-conducting membranes with high ionic conductivity, stability, and mechanical
strength are essential components of SSBs. Non-active materials, including SWNTSs, new binders for dry electrodes, and
thermoplastic polyurethane for nano-silicon anodes, dispersants, and composite current collectors, are equally important.
Materials for ensuring solid/solid contact are key in SSBs, such as precursor materials; key materials for ISS include phase-
transformation electrolytes, eutectic solvent electrolytes, and ionic liquid. All new materials should deliver better
electrochemical performance, possess high stability, and be scalable at low cost.

Machines and processing for gigawatt-hour-scale production must be made available before the commercialization of SSBs
can occur. At present, typical LIB manufacturing processes include slurry mixing, wet coating, sheet baking, calendaring and
slitting, coil baking, winding or stacking, assembling, cell baking, electrolyte injection, formation, sealing, capacity
classification, aging, sorting, and smart warehousing. Current LIB production lines typically have annual production
capacities of 2-10 GW-h, depending on the size and capacity of the cell, as well as the design and efficiency of the production
line. An electrode sheet can be produced at a speed of 120 m'min~! with a width of 60—160 ¢cm. Accordingly, an SSB
production line should have a comparable speed, yield, efficiency, quality, intelligent control capability, cost per gigawatt-
hour, and flexibility. The yield is expected to increase from 95% for current LIBs to 99% for SSBs.

Unlike nonaqueous LIBs, the production of SSBs could introduce new processing steps to improve production efficiency
and decrease energy consumption, including quasi-drying or drying of coated electrodes, ISS using UV curing or a specially
modified baking chamber, and thermal lamination. Fortunately, machines for UV curing, thermal initiation, and
electrochemical reactions for ISS are already in use in battery and other fields, and current LIB and ISS processing can be
smoothly integrated into a high-speed production line, without the need to invent new machinery. Prelithiation using ultra-
thin Li foil (1.5-3.0 um) or sputtering lithium could be added optionally to the production line to increase the energy density,
initial Coulombic efficiency, and cycle life, and decrease the internal resistance of the SSB cell. Unlike typical LIB electrodes,
the solid electrodes in SSBs could contain active materials, oxide electrolyte nanoparticles, polymer electrolytes, and other
inactive additives. Solid electrodes have a low porosity and high compaction density. Online detection technologies can also
be enhanced, such as spectroscopic detection, ultrasonic detection, and ionic-conductivity detection, and can be integrated
with charge-coupled device (CCD)- and X-ray-based inspection systems.

In general, the use of ISS for SSBs is practical, with several significant advantages. First, ISS offers excellent interfacial
contact by means of atomic bonding between the solid electrolyte phase and active material phase. Second, it is compatible
with existing manufacturing systems, with no need for isostatic pressing, super-dry environments, or toxic gas control. Third,
it offers excellent compatibility with high-energy-density LIB architectures. ISS leads to the formation of a polymer—oxide
composite solid electrolyte. By introducing a superplastic component into the polymer phase, the large volume expansion
and contraction of the electrode material during charge—discharge cycling can be accommodated. Fourth, the ISS system is
flexible and can be adapted for many different battery systems and for batteries with different energy densities. An ISS-based
approach can be also developed for Na-ion and other batteries. Fifth, the ISS solution can match with prismatic, cylindrical
and pouch cells without high external pressure. Sixth, the ISS solution also increase the interfacial stability of cathode and
anode, which is benefited to increase cycle life and calendar life as well as safety. Finally, ISS does not significantly increase
the cost of materials and processing. In fact, the cost of battery systems could be reduced below those of current LIBs through
the simplification of the cooling, sensor, and fire-protection systems.

The main challenge of SSBs based on ISS technologies is related to the ionic conductivity of composite electrolyte
materials, which is currently is around 1 mS-cm™! for most systems. A cell with a charging rate of 4-5C requires an apparent
ionic conductivity of 3—4 mS-cm™! within both the cathode and anode. A new air-stable pyrochlore-type oxyfluoride
electrolyte can deliver over 10 mS-cm™ [9]. Therefore, improving the ionic conductivity of the polymer phase or the
composite electrolyte is essential for developing fast-charging SSBs.

Artificial intelligence holds the potential to accelerate new materials discovery, as well as to optimize the production and
maintenance of SSBs.



In terms of technology readiness level (TRL), SSB 1.0 is approaching TRL 9, and SSB 3.0 and SSB 4.0 are approaching
TRL 7. As mentioned earlier, SSB 1.0 technology has been commercialized in batteries in a variety of applications, and SSB
2.0 has been demonstrated in EV batteries. SSB 1.0 and SSB 2.0 are expected to occupy a greater market share by 2030 due
to their improved performance and safety, acceptable cost, and high processing compatibility with current LIB manufacturing
lines. SSB 3.0 and SSB 4.0, which involve UV curing, thermal initiation, and electrochemical solidification reactions, are
still in the pilot production stage for a gigawatt-hour production line. No significant barriers exist to hinder the
commercialization of SSBs incorporating ISS in terms of materials, machines, processing, or system integration. Thus, it is
believed that the practical application of SSB 3.0 and SSB 4.0 will be realized within the next two years. The manufacturing
facilities for these batteries will then be upgraded step-by-step toward smart, fully automated factories requiring little or no
human intervention, based on artificial intelligence, specialized large models, and intelligent robots.

The safety evaluation methods used for SSBs are similar to those used for liquid LIBs. Significant improvements in SSB
safety are expected in areas including heat exposure, nail penetration, over-charging, external short-circuiting, and non-
thermal propagation.

The viewpoints and comments presented in this paper are not intended to imply that other technologies for SSBs are not
competitive. Sulfides, halides, and oxyhalide electrolytes are being developed quickly across the world; in particular,
increases in the ionic conductivity and stability of solid electrolytes have been very significant. It is anticipated that issues
related to material costs, processing and machinery challenges, and system integration will be solved by 2030. Finally, a
practical solution will combine the advantages of each type of solid electrolyte. It is reasonable for ISS to be applicable go
sulfide- and other electrolyte-based solid batteries when material compatibility can be ensured. For example, sulfide solid
electrolytes have been combined with 1,3-dioxolane (DOL) or poly(ethylene glycol) methyl ether acrylate (PEGMEA) via
ISS to prepare composite electrolytes with enhanced performance [10].
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