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Abstract

The research and development of the next generation batteries promoted by Japan Science and Technology are introduced.
The project name is “Advanced Low Carbon Technology Research and Development Program — Specially Promoted
Research for Next Generation Batteries (ALCA-SPRING). All-solid-state batteries with oxide or sulfide solid electrolyte,
Li air battery, Li sulfur battery, Mg metal battery and Li metal battery were included in this project. Firstly, the concept
and target of ALCA-SPRING project is briefly introduced to clarify an importance of next generation batteries. Especially,
the most important purpose is the reduction of CO, by using next generation batteries. In addition, unique and typical
research results are summarized. A lot of new materials have been developed to realize high energy density of batteries.
Furthermore, these materials have been applied to cells to confirm their usefulness. For all-solid-state battery with sulfide
solid electrolyte, Li sulfur battery, and Li metal battery, the progress in this project accelerated the commercialization for
those batteries. On the other hand, for all-solid-state battery with oxide electrolyte, Li air battery and Mg metal battery,
the obstacle preventing practical application became clear, and the need for fundamental research to overcome them was
confirmed.
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Rechargeable batteries have been developed to enhance the
quality of life. In recent years, they have played a crucial
role in various applications, particularly as power sources
for electric vehicles and energy storage systems. These
applications are essential for reducing carbon dioxide
emissions from human activities [1]. Various rechargeable
batteries have been used in transportation, consumer elec-
tronics, and energy storage. Lead-acid batteries have been
widely employed in cars, ships, and energy storage systems.
Nickel-cadmium batteries have been utilized in trains and
portable electronic devices, while nickel-metal hydride bat-
teries have been used in cell phones and hybrid vehicles.
Among rechargeable batteries, lithium-ion batteries (LIBs)
have gained significant attention due to their high energy
density, especially following their commercialization by
Sony. In recent years, LIBs have been increasingly adopted
as power sources for electric vehicles (EVs), energy stor-
age systems (ESSs), smartphones, and laptops. In particular,


https://doi.org/10.1007/s43207-025-00557-3
http://orcid.org/0000-0002-7718-7606
http://crossmark.crossref.org/dialog/?doi=10.1007/s43207-025-00557-3&domain=pdf&date_stamp=2025-10-31

Journal of the Korean Ceramic Society (2026) 63:336-356

337

LIBs for EVs have been extensively developed to enhance
battery performance, energy density, and power output.
However, the energy density of LIBs for EV applications
is approximately 200 W h kg~ !, which may be insufficient
for long-distance driving. Currently, large LIBs have been
used in EVs to extend the driving range beyond 500 km
per full charge. However, their large volume is undesir-
able for automobile manufacturers. In the future, achieving
higher energy density in batteries will be essential for EVs
and other applications. Various rechargeable batteries have
been commercialized and utilized across different indus-
tries. However, new applications, such as EVs and ESSs,
have demanded higher energy density, improved safety,
longer life cycles, and enhanced performance, as previously
discussed [2]. Among conventional rechargeable batter-
ies, LIBs remain the most promising candidate. For future
applications, significantly higher battery performance will
be required. Recently, next-generation batteries have gained
considerable attention due to their high energy density. Fig-
ure 1 presents the energy density of LIBs and other recharge-
able batteries, including next-generation alternatives. The
energy density of LIBs was estimated based on a full-cell
configuration. The dotted curve represents the energy den-
sity calculated from the operating voltage and the cathode
material’s capacity. These estimated energy densities were
approximately one-third of the values calculated from the
operating voltage and cathode capacity. In the ALCA-
SPRING project, energy density was identified as the top

priority, with a final target of 500 W h kg™ '. Among various
next-generation batteries, only lithium-air batteries were
expected to achieve 500 W h kg~ ! or higher, while other
next-generation batteries were projected to range between
300 and 450 W h kg™ '. In addition to energy density, safety
and cycle life were critical considerations. Based on these
requirements, the selected rechargeable batteries for future
applications included all-solid-state batteries with oxide or
sulfide solid electrolytes, lithium-sulfur batteries, lithium-
air batteries, magnesium-metal batteries, and lithium-metal
batteries. At the project’s initial stage, other rechargeable
battery types, such as anion-shuttle batteries and zinc-anode
batteries, were also considered. However, research on these
batteries was discontinued after the first-stage evaluation.
Subsequently, the focus shifted to the five selected battery
types. This review summarizes significant research find-
ings on all-solid-state batteries with oxide or sulfide solid
electrolytes, lithium-sulfur batteries, lithium-air batteries,
magnesium-metal batteries, and lithium-metal batteries. In
addition, Table 1 summarizes the characteristics of the five
battery types from perspectives of energy density, safety,
cycle life, cost, supply chain, resource environment, and
mass productivity. Each battery has advantages and disad-
vantages, then, the research progress is strongly expected.
Research on next-generation batteries has been con-
ducted through various national projects. The European Bat-
tery Innovation project, involving 12 participating countries
and primarily led by Germany, had a total budget of up to
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Table 1 Table evaluating six battery systems on seven criteria. As for the Mg metal battery, the material has not yet been decided, and the evalu-
ation of costs, supply chains, etc. it still uncertain
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2.9 billion euros. This large-scale initiative integrated indus-
try, government, and academia, focusing on strengthening
supply chains, recycling, and life cycle assessment (LCA).
The primary targets were LIBs and solid-state batteries [3].
In Germany, the Solstice project investigated sodium-zinc
molten salt batteries for low-cost stationary storage. This
initiative, supported by the Horizon 2020 program with 7.7
million euros, focused on Na-Zn battery development under
the leadership of the Helmholtz Association of German
Research Centers [4]. In France, the France 2030 project
aimed to increase EVs production and received 3.6 billion
euros in funding [5]. In the United Kingdom, the Faraday
Battery Challenge supported research activities at the Fara-
day Institution, covering all stages from basic research to
commercialization. This project, with a total budget of £610
million until 2025, targeted LIBs, all-solid-state batteries,
lithium-sulfur batteries, and multivalent ion batteries [6].
In the United States, the Joint Center for Energy Storage
Research was led by Argonne National Laboratory and
focused on multivalent ion and lithium-sulfur batteries. The
project received $120 million in funding from the Depart-
ment of Energy over five years, concluding in 2023. Addi-
tionally, the Battery500 Consortium, a research initiative
centered at Pacific Northwest National Laboratory, focused
on lithium-metal battery development [7].

@ Springer

2 Concept of the ALCA-SPRING project

A critical aspect of battery technology is the material science
behind anode and cathode materials. To date, many research-
ers have developed new materials to enhance battery perfor-
mance, including cycle life, power density, energy density,
and safety. One of the most significant advancements was
the commercialization of LIBs, which offer higher energy
and power densities than conventional batteries. Their high
energy density makes them ideal for portable applications
such as smartphones and laptop computers. More recently,
large-scale LIBs have been deployed in EVs and ESSs.
However, EVs require rechargeable batteries with signifi-
cantly higher energy densities to achieve longer driving
ranges. Similarly, ESSs demand more compact and efficient
battery solutions. The energy density of LIBs is constrained
by the capacity densities of cathode and anode materials. To
develop rechargeable batteries with higher energy densities,
new electrode materials with greater capacity densities—
such as oxygen in air, sulfur, high-nickel oxides, silicon, and
lithium—must be explored. These novel cathode and anode
materials contribute to improvements in specific gravimetric
energy density [8]. In addition, volumetric energy density is
crucial for applications in EVs and ESSs. The rechargeable
batteries used in these applications are typically large bat-
tery packs composed of multiple cells, as illustrated in Fig.
2. When LIBs are used as unit cells, additional space must
be allocated within the battery pack for a cooling system.
This is because LIBs exhibit poor cycle life at high tempera-
tures (above 60 °C) due to the low stability of liquid elec-
trolytes [9]. In contrast, solid electrolytes in all-solid-state
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Fig. 2 Battery pack containing multiple cells with liquid and solid electrolytes for electric vehicles

batteries (ASSBs) offer excellent stability at elevated tem-
peratures, such as 100 °C. This enhanced thermal stability
reduces the need for cooling system space within the battery
pack, thereby increasing volumetric energy density.

To achieve higher gravimetric and volumetric energy
densities, new electrode designs and innovative cell prepara-
tion concepts must be developed. In this project, the primary
research objective was the development of new materials
for next-generation batteries based on a cell design concept.
Although many materials have been investigated for both
next-generation batteries and LIBs, only a few have been
successfully implemented in commercial cells. This under-
scores the need for material evaluation using pouch cells
with relatively high capacities, such as 50 mAh. The assess-
ment of a cell’s energy and power densities can be conducted
more accurately using such pouch cells, as they account for
cell configuration factors. In the ALCA-SPRING project,
research and development efforts focused on next-gener-
ation battery materials, along with evaluations of energy
density and other characteristics in prototype cells. This
research framework provides a clearer understanding of the
critical factors necessary to achieve the target performance
of commercial rechargeable batteries.

3 Research targets for next-generation
batteries based on life cycle assessment
(LCA) of CO, for rechargeable batteries

The requirements for next-generation batteries were ana-
lyzed using the LCA of CO, emissions. LCA calculations
for vehicles were performed and are presented in Fig. 3.
The LCA results varied by country due to differences in
electricity generation sources. Additionally, CO, emissions
from power plants depended on each country’s energy mix,
which included nuclear, hydroelectric, thermal, renewable,
and biomass power plants [10]. In Japan, the CO, emission
factor was 0.54 kg kWh™ !. Figure 3 illustrates LCAs for
four types of vehicles using different fuel sources. For gaso-
line- and diesel-powered vehicles, CO, emissions at zero
driving distance corresponded to the combined emissions
from vehicle production and disposal (or recycling) pro-
cesses. As the driving distance increased, total CO, emis-
sions also increased. This corresponds to CO, production
from fuel combustion. In the cases of EVs and hybrid elec-
tric vehicles (HEVs), CO, emissions at zero driving mile-
age correspond to the sum of CO, generated from vehicle
production, vehicle disposal (or recycling), and battery pro-
duction processes. For EVs, CO, emissions increase with
driving mileage due to electricity generation from power
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plants. In contrast, HEV emissions are comparable to those
of internal combustion engine vehicles. During the first 4.5
years, CO, emissions from gasoline-powered vehicles are
lower than those from EVs. This indicates that total CO,
emissions from gasoline vehicles and EVs become equiva-
lent after nine years. Thus, EVs do not contribute to CO,
reduction within this period. This undesirable outcome is
primarily due to the high CO, emissions associated with
battery production. The CO, emissions from battery pro-
duction are influenced by the energy density of rechargeable
batteries: higher energy density reduces the total material
required, thereby lowering CO, emissions. Another critical
factor is battery replacement in EVs, which significantly
impacts overall CO, emissions. In Fig. 3, the lifespan of
rechargeable batteries is assumed to be 10 years, leading to
a noticeable increase in CO, emissions at that point. This
highlights the need for improving battery longevity. Finally,
the introduction of CO,-free electricity sources, such as
renewable energy, is essential for reducing emissions. Cur-
rently, the primary renewable energy sources are solar and
wind power. These energy sources strongly depended on
weather and seasonal variations. Additionally, solar energy
was only available during the daytime. To integrate these
renewable energy sources effectively, a rechargeable battery
serving as a buffering system (energy storage system, ESS)
was essential [11]. The production of rechargeable batteries
for ESS also needed to minimize CO, emissions.

In summary, the LCA of vehicles identified three major
challenges for next-generation battery research:

(i) Higher energy density.

@ Springer
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(i) Longer cycle life.
(iii) Suitability for ESS.

Currently, LIBs have been used in both EVs and ESS. How-
ever, the performance of next-generation batteries must sur-
pass that of LIBs to address these challenges.

Another critical consideration was material security.
Lithium (Li) resources were limited, yet most next-genera-
tion batteries still relied on Li. Therefore, alternative materi-
als such as magnesium (Mg), sodium (Na), and potassium
(K) were explored to address resource limitations. In this
project, Mg metal batteries were investigated as a poten-
tial next-generation battery. Due to the divalent nature of
Mg ions, Mg metal batteries theoretically offered twice the
capacity of LIBs.

4 All-solid-state battery with sulfide solid
electrolyte

All-solid-state batteries (ASSBs) with solid electrolytes
have attracted global attention due to their enhanced safety
high rate capability, high energy density and long cycle life
[12—14]. In particular, sulfide solid electrolytes offer a range
of advantages, including excellent electrical and mechani-
cal properties, making them well-suited for all-solid-state
batteries. The crystalline LGPS-type Lig s4[SijcGeg 4], 7
4P 1445811 1B1y 3006 shows a superior lithium-ion conduc-
tivity of 3.2 x 1072 S cm™ ! at 25 °C [15]. The Li,S-P,S;
glasses have relatively high conductivity, ranging from 10~
to 107> S cm™ !, along with excellent formability. Sulfide
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glassy powders can be readily compacted and densified
through cold-pressing, eliminating the need for heat treat-
ment and promoting close, extensive interfacial contact
between the electrode and electrolyte [16].

All-solid-state Li/S batteries with the combination of a
sulfur positive electrode and a Li metal negative electrode
have gained significant interest for their high energy den-
sity. Sulfur and its discharge compound, Li,S, are promising
cathode active materials; however, their insulating nature
necessitates the addition of solid electrolytes and conduc-
tive carbon additives to the cathode layer to establish ionic
and electronic conducting pathways. In contrast, electrode—
electrolyte bifunctional materials in the Li,S — V,S;—Lil
system exhibit high ionic and electronic conductivities. As
a result, ASSBs utilizing these bifunctional materials in the
cathode layer operated without requiring additional solid
electrolytes or conductive carbon additives. As shown in
Fig. 4(a) and (b), an all-solid-state battery incorporating a
mechanochemically prepared 90(0.75L1,S-0.25V,S;)-10Lil
(mol%) cathode demonstrated a high capacity of 370 mAh
g ! at 25 °C, with 83% capacity retention after 100 cycles
[17]. The concept of electrode—electrolyte bifunctional
materials presents significant potential for increasing the
energy density of ASSBs.

The application of Li metal anodes was essential for
achieving all-solid-state Li/S batteries; however, short-cir-
cuiting due to Li dendrite formation remained a significant
challenge. To maintain the electrode-electrolyte interface
with electrode volume changes during charge-discharge
cycling, and chemo-mechanical properties of solid electro-
lytes are important [18]. The chemical degradation of the
sulfide electrolytes due to reduction is a trigger of short-
circuiting. The incorporation of Lil into Li;PS, enhances
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reduction tolerance and effectively mitigates side reactions
with lithium metal. The 54Li,PS,-46Lil (mol%, LPSI) glass
exhibits higher conductivity of 107> S cm™ !, lower Young’s
modulus and better reduction tolerance to Li metal than the
Li,S-P,Ss glasses [19]. A Li symmetrical cell utilizing the
LPSI glass electrolyte was reversibly cycled without short-
circuiting at a current density of 1.25 mA cm™ 2 for 3,400 h
at 100 °C [20]. To suppress void formation at the Li metal
interface during the Li stripping/plating process, the optimal
stack pressure was determined to be 3—10 MPa, ensuring
cycle stability [21]. In addition, the incorporation of a Sn
interlayer at the interface between Li metal and the Li;PS,
electrolyte improved the Li stripping/plating performance
of all-solid-state Li symmetrical cells [22]. Further enhance-
ment in cycling performance was achieved by replacing
pure Li metal with a Li-Mg alloy (Lij ;Mg o3)-

An all-solid-state Li/S cell was fabricated using a
Lij ;Mg o3 anode, LPSI glass electrolyte, and a sulfur com-
posite cathode (S—C—LPSI) with a weight ratio of 40:20:40.
Figure 5 presents the discharge-charge curves of the
Lij ;Mg o3/LPSI/S-C-LPSI cell, obtained at a stack pres-
sure of 5 MPa [21]. The operating temperature and current
density were 60 °C and 2.0 mA cm™ 2 (1.33 C), respectively.
The cell exhibited a maximum capacity of 1,627 mAh g~ !,
approaching the theoretical capacity of sulfur (1,672 mAh
g 1). Additionally, it demonstrated high cycling stability,
retaining 95.8% of its initial capacity after 50 cycles.
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Fig. 4 (a) Charge—discharge curves over five cycles and (b) cycle performance of the all-solid-state Li-In/Li;PS,/90(0.75Li,S-0.25V,S5;)-10Lil
cell. Reproduced from Ref. 17. Copyright 2019 American Chemical Society

@ Springer



Journal of the Korean Ceramic Society (2026) 63:336-356

342
3.5 [+ rr . rr o1t
2nd
3 1st 50 th S
> -
° 25
&
g 2 l
I
© 15} 6oC T
2.0 mA cm™? (1.33C)
1L 13-30V -
0 400 800 1200 1600

Capacity / mAh g (Sulfur)

Fig. 5 Discharge—charge curves of the  all-solid-state
Lig g7Mg 3/54Li3PS,-46Lil/S cell, obtained at a stack pressure of 5
MPa and a temperature of 60 °C. Reproduced from Ref. 21. Copyright
2023 American Chemical Society

5 All-solid-state battery with oxide solid
electrolyte

Sulfide-based solid electrolytes are typically plastically
deformable, allowing their connection with active materi-
als in sulfide-based solid-state batteries through cold press-
ing. In contrast, oxide-based solid electrolytes are generally
rigid, requiring co-sintering to establish contact with active
materials. However, high-temperature sintering promotes
elemental diffusion between the electrolyte and active mate-
rials, leading to the formation of impurity phases at the inter-
face. To address this issue, research on solid-state batteries
with oxide-based solid electrolytes in the ALCA-SPRING
project aimed to develop oxide electrolytes that could be
sintered at lower temperatures to minimize elemental diffu-
sion during co-sintering. Three types of such solid electro-
lytes were developed, and the charge-discharge properties
of the resulting batteries are presented in Fig. 6.

The solid-state battery shown in Fig. 6(a) utilized gar-
net fine powder as the solid electrolyte [23]. While reducing
particle size effectively lowered the sintering temperature,
garnet-type solid electrolytes readily reacted with disper-
sion media used in grinding. To prevent this, the garnet fine
powder used in this battery was prepared from a precursor
without grinding. Fine powder of La, ,Zr, ,Ta; 4O, consist-
ing of framework cations, was synthesized using a polym-
erized complex method. The fluorite-type precursor then
reacted with Li,0O, forming a garnet-type solid electrolyte,
LigsLasZr, sTay s0,,, at low temperatures (400-600 °C),

@ Springer

effectively suppressing particle growth [24]. The solid-state
battery incorporated LiNi,;;Co;;3Mn,;,;0, as the cathode
and graphite as the anode. Assembly was performed by hot
pressing at 550 °C under 375 MPa.

The solid-state battery shown in Fig. 6(b) utilized a gar-
net-type solid electrolyte, LigLa;ZrTa, ¢Bi;,0,, in which
Bi partially substituted Ta [25]. The introduced Bi formed
a Li,0-Bi,0; molten phase with a low eutectic point of
690 °C upon heating, promoting sintering and reducing the
sintering temperature of the garnet-type solid electrolyte
to 825 °C. The cathode material was Zn-doped LiCoO,,
and the cathode layer was stacked onto the solid electro-
lyte layer through co-sintering at 850 °C. A Li metal anode
was attached to the opposite side of the electrolyte layer
with a PEO-based polymer electrolyte interlayer to prevent
potential reduction of the solid electrolyte in contact with
Li metal.

The solid electrolyte used in the solid-state battery shown
in Fig. 6(c) was Li; sGe, sV, 50,4, which has a y-Li;PO,-
type structure and an ionic conductivity approaching
100*S em™ ! [26]. This solid electrolyte remained stable
against typical layered cathode materials, such as LiCoO,,
even at high temperatures of 700 °C. The solid-state bat-
tery was assembled using spark-plasma sintering at 450
°C under 400 MPa. The cathode and anode materials were
LiNi,;5Co,3Mn,; 30, and Li metal, respectively. A PEO-
based polymer electrolyte was interposed at the anode
interface, as Li; sGe, 5V, 504 was unstable against Li metal.
The SEM image of the LiNi,;3;Co,;3Mn, ;0, particle (inset)
showed that primary particles aggregated into secondary
particles with random orientations. This structure helped
average the anisotropic volume change during charge and
discharge, thereby improving cycle performance. The solid-
state battery shown in Fig. 6(a) was cycled at 0.01 C for the
cathode at 25 °C, while those in Figs. 6(b) and (c) operated
at an elevated temperature of 60 °C due to the use of PEO
electrolytes. However, by optimizing electrolyte composi-
tions, their operating temperature has since been reduced to
room temperature [27].

Studies on oxide-based solid-state batteries in ALCA-
SPRING have been mainly focused on lowering the sinter-
ing temperature of battery materials to suppress the reaction
between the cathode and electrolyte materials, as mentioned
above. Another challenge in the development of oxide-based
solid-state batteries is on the anode side, which is realiz-
ing Li metal anodes. Lithium metal has a high theoretical
capacity and low electrode potential, which provide a high
energy density to the batteries as anodes. However, lithium
metal tends to grow dendritically during charging, which
is a problem in realizing lithium metal anodes, because the
dendritic growth results in the internal short-circuit and
sometimes leads to thermal runaway. Solid electrolytes are
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{ Fig.6 Charge-discharge curves of solid-state batteries with oxide solid

electrolytes developed in the ALCA-SPRING project. The solid-state
batteries in (a), (b), and (c¢) employed Lig sLayZr; sTa, 5O, fine pow-
der, LigLa;Zr,¢Bi,,0,,, and Li; sGe,sV,50,, respectively, as solid
electrolytes with low sintering temperatures. The cathode and anode
material combinations used in these batteries were LiNi, 5Co; sMn, 50,
| graphite, Zn-doped LiCoO, | Li metal, and LiNi, ;Co,;Mn,;0, | Li
metal, respectively.(Reprinted from Ref. 23 Copyright Wiley, from
Ref. 25 Copyright Authors, from Ref. 26 Copyright American Chemi-
cal Society)

expected to enable us to use lithium metal anodes by acting
as solid membranes that block the dendritic growth; how-
ever, dendrites grow even through the solid electrolyte layer
in solid-state batteries with garnet-type solid electrolytes
[28]. While various methods, e.g. surface polishing [29] and
heat treatment [30], have been reported for this problem, we
have developed a very simple and effective way to suppress
the dendritic growth, which is immersion in an aqueous
solution of LiOH [31]. As demonstrated in Fig. 7, dendritic
growth does not lead to internal short-circuit up to a high
current density of 5.0 mA cm™ 2 in a Li/garnet/Li symmetric
cell with a garnet sintered pellet after the immersion.

In ALCA-SPRING project, we had been developing
solid-state batteries employing garnet-type solid electro-
lytes, because the garnet-type is the only candidate. Ionic
conductivities of the order of 107> S cm™ ! among oxides
have been achieved only in NASICON [32], perovskite
[33], and garnet-type structures [34] before the project was
launched. However, the former two are incompatible with
lithium metal anodes, because their conductivities reach the
order of 107 % S cm™ ! only when they contain Ti. On the
other hand, new kinds of electrolytes with such high con-
ductivities have emerged, recently: one is LiTa,POg [35]
and the other is Li, _ Lag,,);M,0¢F (M = Nb, Ta) [36];
especially, bulk conductivity of the latter approaches 10”2
mS cm™ L. These solid electrolytes are considered to open up
new possibilities of oxide-based solid-state batteries.

6 Lithium metal sulfur battery (Li-S)

Lithium-sulfur (Li-S) batteries are promising next-genera-
tion secondary batteries due to sulfur’s high energy capacity
and abundance [37-39]. However, the dissolution of lithium
polysulfides (Li2Sy) into the electrolyte has hindered their
performance. In the ALCA-Spring study, we addressed this
issue by developing a Li-S.-insoluble cell. Specifically, we
(1) designed an electrolyte that prevented Li>Sx dissolution
[40—43] while enhancing the reversibility of the lithium
anode [44-47], and (2) developed a cathode that encapsu-
lated sulfur within microporous carbon to mitigate dissolu-
tion. As a result, we achieved a gravimetric energy density
of 350 Wh kg !
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Fig. 7 i-V charactrics of Li/garnet sintered pellet/Li symmetric cells
curves obtained by chronopotentiometry with a ramp-up current rate
of 1 mA cm 2 min~'. The cell assembled with the as-purchased gar-
net pellet shows an abrupt voltage drop indicating the internal short-
circuit at the current density of 1.4 mA cm ™2, while the cell with the
pellet after immersion in an aqueous solution of LiOH does not reach
the internal short circuit up to 5.0 mA cm™2.(Reprinted from Ref. 31
Copyright Authors,)

Among lithium polysulfides, Li>Sx (x = 8-2), Li2Ss is the
most soluble species [41]. Our investigations revealed that
its solubility was significantly influenced by the donor num-
ber (DN) of the electrolyte (Fig. 8(a)) [48]. When the DN
was 15 or lower, Li>Ss solubility dropped below 100 mM.
In aprotic ionic liquids (ILs), the DN was governed by the
anion; anions with high Lewis basicity, such as [CFsSOs]"
or [N(CN):],, led to significantly higher Li.Ss solubility
[49]. A similar trend was observed in solvate ionic liquids,
[Li(Glyme)]X [50]. Furthermore, in [Li(G4)n][TFSA] (G4:
tetraglyme), when m > 1, Li.Ss solubility increased mark-
edly [41]. This suggested that at high salt concentrations—
where the coordination site-to-Li* ratio was lower than the
coordination number of Li* (4-5)—the DN of the electro-
lyte decreased and became dominated by the anion’s DN.

We investigated the performance of Li—S coin cells using
solvate ILs ([Li(G4)][TFSA]) and sulfolane-based concen-
trated electrolytes ([Li(SL)2][TFSA]), both of which exhib-
ited extremely low Li2Sx solubility (Fig. 8(b)) [42]. Due to
this low solubility, both systems achieved Coulombic effi-
ciencies exceeding 98%, effectively suppressing the shuttle
effect caused by dissolved LizS.. Interestingly, despite its
lower ionic conductivity and higher viscosity compared to
[Li(G4)][TFSA], [Li(SL)2][TFSA] demonstrated superior
rate performance [42]. A notable finding was that in SL-
based electrolytes, the Li* diffusion coefficient was the high-
est among the solution’s chemical species (Li*, [TFSA],
SL) [42, 51]. This suggested that Li* ions moved by hop-
ping between coordination sites, exchanging ligands with
TFSA™ and SL. This behavior was likely due to a solution

@ Springer

structure in which SL and [TFSA]™ coordinated Li* in a
bridging manner [42, 52].

To achieve a high gravimetric energy density (> 300 Wh
kg™), maintaining a sulfur loading of > 4 mg cm™ and an
electrolyte-to-sulfur (E/S) ratio of <5 pL mg™ was essen-
tial [53]. We found that adding titanium black effectively
addressed this requirement [54]. Furthermore, by diluting
the G4- and SL-based concentrated electrolytes with non-
coordinating solvents such as hydrofluoroether (HFE), we
developed localized concentrated electrolytes [41, 43].
These electrolytes preserved the advantages of the con-
centrated systems while improving ionic conductivity and
reducing viscosity. Using a high sulfur-loading electrode
(4.2 mg cm™?) and an SL-based localized concentrated elec-
trolyte, we fabricated a pouch cell under an ultra-low E/S
ratio of 3.0 pL mg™. This cell achieved a high energy den-
sity of 350 Wh kg (Fig. 8(c)) [53].

To mitigate structural changes in the sulfur composite
cathode, we replaced conventional spherical hollow carbon
(Ketjen Black, KB) with mesoporous carbon nanodendrite
(MCND), which has a dendritic structure and superior elec-
tronic conductivity. Figures 8(d) and (e) show the charge-
discharge profiles and cycling performance of a > 3 Ah
pouch cell with a high sulfur-loading electrode (5.5 mg
cm2) utilizing MCND. This was paired with the electrolyte
[Li(SL):][TFSAo.9FSAo.1] + 2HFE at a low E/S ratio of 3.5
pL mg™ [55, 56].

We adopted a strategy of combining sulfur with micro-
porous activated carbon (pore diameter < 2 nm) to stabilize
sulfur and its reaction intermediates. Figure 9(a) shows the
pore distribution of the first-generation microporous acti-
vated carbon, which had a specific surface area of approxi-
mately 780 m? g ! and a pore diameter between 0.7 and 2.0
nm [57]. Figure 9(b) illustrates the composite of micropo-
rous activated carbon and sulfur, where the activated carbon
contained 29% sulfur [57]. We investigated the rate char-
acteristics using various electrolytes (Fig. 9(c)), including
LiPF/EC: DMC, LiTFSI/G4/HFE, LiFSI/G4/HFE, and
LiFSI/G4 (with molar ratios indicated in the figure). The
results demonstrated that reversible sulfur cycling with
high-rate characteristics was achievable regardless of the
electrolyte type when sulfur was combined with micropo-
rous carbon [57].

To increase sulfur content, we utilized alkali-activated
azulmic carbon (AZC), a high-surface-area carbon with
micropores and some mesopores [58]. When combined
with sulfur, AZC enabled a sulfur loading of over 50 wt%
[58]. The electrolyte used was a fluorine-substituted system
(LiTFSI/FEC: HFE), which underwent reduction on the sul-
fur cathode during the first discharge, forming a protective
film [59]. Figure 9(d) presents the performance of the AZC
(S-55%) cathode using two electrolytes: 1 M LiTFSI/FEC:
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Fig. 8 (a) Relationship between the solubility of Li,Sg and the donor
number estimated from Na-NMR (DNy,z) for aprotic IL, organic
electrolytes, [Li(glyme)]X, [Li(G4)m][TFSA], and [Li(sulfone)]
[TFSA]. The horizontal dotted line represents the solubility limit of
10> mM_S. Redrawn from Ref. 73. (b) Discharge and charge curves,
along with the average Coulombic efficiency at different discharge cur-
rent densities, for Li||S coin cells with [Li(SL),][TFSA] and [Li(G4)]
[TFSA] electrolytes. The transport properties of these electrolytes are
also presented. Reproduced from Ref. 42. Copyright 2019 American
Chemical Society. (¢) Initial discharge (137 pA cm 2, 0.02 C) and

HFE (50:50 v/v) + VC (10 vol%) and 2 M LiPF,/EC : DMC
(30:70 v/v) + VC (10 vol%) [60]. This system achieved a
discharge capacity of 505 mAh g! after 300 cycles.

To enhance sulfur capacity utilization, we modified the
surface physical properties of porous carbon. Figures 9(e)
and 9(f) show the effect of increasing the reaction area by
grinding second-generation microporous activated car-
bon (AC), which supported 48—60 wt% sulfur, using a dry
ball mill. This treatment improved the discharge capacity
[60]. Additionally, after ball milling, AC was oxidized in
6 M HNO;, increasing the surface oxygen content from
11.7 to 15.7 at%. This modification significantly enhanced
the discharge capacity of sulfur [60, 61]. Finally, a sulfur
cathode was fabricated using third-generation microporous
AC (48-60 wt% sulfur capacity), and the developed amide/
DME-based electrolyte (LiFSI/DME/HFE) was applied
(Fig. 9(g)). This system maintained high discharge capacity
over 400 cycles at a high rate of 0.5 C [62, 63].

Global efforts toward the development of Li—S batter-
ies have intensified, with several leading institutions and

Capacity [mA h g')]

20
Cycle number

charge (343 pA cm 2, 0.05 C) curves of a laminated Li—S pouch cell,
demonstrating an energy density of >350 Wh kg™ ! under high S-load-
ing (4.2 mg cm™2) and lean electrolyte (E/S=3.0 mL mg_S™!) condi-
tions. Reprinted from Ref. 53. Copyright 2022 Wiley. (d) Discharge
and charge profiles at a charge/discharge current density of 460 pA
cm™2 for a large-format Li-S pouch-type cell (>3 Ah, S-loading: 5.5
mg cm 2, E/S=3.5 mL mg_S™'). Reprinted from Ref. 56. Copyright
2023 Wiley. (e) Discharge capacity and energy density as a function
of cycle number for the cell shown in (d). Reprinted from Ref. 53.
Copyright 2023 Wiley

companies advancing unique approaches. In South Korea,
research institutions such as the Korea Institute of Science
and Technology (KIST) are exploring advanced materi-
als to enhance cycle stability and suppress the polysul-
fide shuttle effect [64]. German innovation is led by the
Fraunhofer Institute, which focuses on scalable manufac-
turing techniques and the integration of conductive addi-
tives to improve the sulfur cathode’s conductivity and life
span [65]. In the United Kingdom, the Faraday Institution
heads the LiSTAR project, targeting critical issues like low
Coulombic efficiency and cathode degradation through the
design of novel electrolytes and protective interlayers [66].
Australia’s Monash University has attracted attention by
developing Li—S batteries with ultra-high capacity and long
cycle life, achieved through a unique binder and carbon host
framework that enables efficient sulfur utilization [67]. In
the United States, Lyten Inc. is pioneering 3D graphene-
based Li—S batteries aimed at electric vehicles and aerospace
sectors, offering high energy density, lightweight structure,
and improved safety compared to traditional lithium-ion
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Fig. 9 (a) Pore-size distribution of a microporous activated carbon by
the DFT method. (b) Schematic of the microporous activated carbon—
S composite cathode preparation. (¢) C-rate performance of the micro-
porous activated carbon—S composite cathode with LiPF/EC: DMC,
LiTFSI/G4/HFE, LiFSI/G4/HFE, and LiFSI/G4 electrolytes. (d)
Structure of azulmic acid (AZA) and cycle performance of laminate
cell containing Li anode and the activated azulmic carbon (AZC)-S

systems [68]. Each of these global efforts reflects distinct
research priorities—ranging from materials innovation and
electrolyte design to practical manufacturability and com-
mercial deployment. Together, they illustrate the collabora-
tive international push to unlock the full potential of Li—S
batteries as a sustainable, high-energy alternative to current
lithium-ion technologies.

Despite their high theoretical energy density, lithium-
sulfur (Li-S) batteries face key commercialization barri-
ers, including the polysulfide shuttle effect, poor cycle life,
and low Coulombic efficiency. There is a trade-off between
achieving high sulfur loading and maintaining structural
stability and conductivity of the cathode. Additionally, the
insulating nature of sulfur and its discharge products lim-
its rate performance. Overcoming these challenges requires
innovations in cathode architecture, electrolyte design, and
interfacial engineering [69].
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composite cathode with LiTFSI/FEC: HFE and LiPF,/EC: DMC elec-
trolytes. (e) 2nd discharge—charge curves and (f) cycle performance of
gen-2 microporous activated carbon (AC)-S, ball-milled AC-S, and
ball-milled and oxidized AC-S cathodes in LiTFSI/G4/HFE. (g) Cycle
performance of gen-3 microporous activated carbon—S cathode with
2.4 mol dm™3® LiFSI+0.1 mol dm * LiDFOB/DME/HFE electrolyte
at 0.5/0.5 C-rate

7 Lithium metal air battery (Li-Air)

Lithium—air batteries (Li—O: batteries) have emerged as a
promising candidate for next-generation rechargeable bat-
teries, owing to their potential to exceed the gravimetric
energy density of conventional lithium-ion batteries. More-
over, the use of transition-metal-free cathode materials and
the absence of high-temperature sintering steps in electrode
fabrication are expected to significantly reduce greenhouse
gas (GHG) emissions during production. Typical lithium-
air batteries consist of a porous carbon cathode, a lithium
metal anode, and an electrolyte-separated by a separator.
During discharge, oxygen reduction generates lithium per-
oxide (Li20:) within the porous cathode, which undergoes
reversible oxidation during charging (Fig. 10(a)). Although
significant progress has been made in elucidating the
detailed reaction mechanisms and side reactions involved
in the charge—discharge processes [70—73], achieving suf-
ficient cycling performance under the benchmark condition
of 500 W h kg™ ! remains a major challenge. Our project
aimed to enhance cycle performance while achieving a
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Fig. 10 (a) Schematic illustration
explaining the discharge reactions
of a lithium-air (lithium-oxygen)
battery. (b) Discharge-charge
cycle profile and cross-sectional
SEM image of the lithium anode
obtained using an electrolyte con-
taining dual-anion redox mediators
(LiNO;+LiBr/tetraglyme) (right).
The cycle profile under the same
conditions in a LiBr/LiCF;SO;
electrolyte is shown for compari-
son (left). Reprinted with permis-
sion from Ref. 74. Copyright 2017
American Chemical Society. (¢)
Discharge—charge cycle profile
obtained in a LiNOs/dimethylacet-
amide electrolyte (top). The cycle
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tom). Reprinted with permission
from Ref. 76. Copyright 2024
American Chemical Society. (d)
Discharge voltage plotted against
specific energy. The red cross and
blue crosses indicate data from
this project using a graphene
meso-sponge cathode and data
from the literature, respectively.
Reprinted with permission from
[80]. Copyright 2022 Elsevier.
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high gravimetric energy density of approximately 500 W h
kg™ !, surpassing that of conventional lithium-ion batteries.
Recognizing that cycle performance degradation is primar-
ily caused by (1) the high decomposition overpotential of
Li202, (2) cathode and electrolyte degradation due to reac-
tive oxygen species, and (3) non-uniform lithium plating
on the anode, we focused on analyzing the origins of high
decomposition overpotentials, developing strategies for
their reduction, and designing chemically stable cathodes
and electrolytes. This study involved the quantitative evalu-
ation of reactive oxygen species generated during charge
and discharge, the assessment of Li-O- and electrolyte prop-
erties, and the development of design guidelines for cathode
structures. Key achievements included the development of
novel electrolytes incorporating dual-anion redox media-
tors, multifunctional electrolytes capable of quenching sin-
glet oxygen and forming highly decomposable Li-O-, and

chemically stable, defect-free carbon cathodes with excep-
tional durability (Fig. 10 (b)~(d)) [74—76]. Additionally, we
investigated battery reaction mechanisms using multiple
advanced analytical techniques [77]. By integrating these
technological advancements and fundamental insights, we
achieved a world-record cycle performance at a gravimetric
energy density of approximately 500 W h kg~ ! (Fig. 10(e))
[78, 79].

8 Mg metal battery

Mg metal is a promising anode material due to its high
theoretical capacity (2205 mA h g!), low electrochemi-
cal potential (—2.38 V vs. SHE), and non-dendritic deposi-
tion behavior during electrodeposition [81, 82]. However,
despite these advantages, rechargeable Mg batteries have
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not yet reached practical application, primarily due to the
lack of suitable cathode materials and electrolytes. There-
fore, advancing these components is crucial for the develop-
ment of practical Mg battery systems.

Oxide-based cathode materials operating in the 2-3 V
range offer higher energy density than traditional 1 V-class
Chevrel-phase compounds [81]. However, their develop-
ment has been limited by sluggish reaction kinetics. To
address this, we hypothesized that increasing the operating
temperature would enhance Mg ion diffusion within oxide
lattices. This approach led to the discovery that several
spinel-type oxides (e.g., MgCo0204, MgMn204, MgFe204)
exhibited substantial Mg insertion at 150 °C, accompanied
by a phase transformation into a rocksalt structure (Fig. 11)
[83].

To enhance the reversibility of the spinel-to-rocksalt
phase transition, we systematically investigated the proper-
ties of derivative materials (e.g., ZnCo0204, ZnFe204). Our
findings revealed that Zn ions, which preferentially occupy
tetrahedral sites, facilitated the reverse transition from the
rocksalt to spinel phase (Fig. 12a) [84]. Additionally, we
examined the phase stability and the feasibility of Mg inser-
tion and extraction in Mn-based oxides, including various
MnO: polymorphs [85, 86]. Notably, spinel-structured
A-MnO:, although thermodynamically unstable, exhibited a

Fig. 11 Schematic illustration
showing the intercalation and
push-out process in spinel oxide
cathode materials. The insertion
of Mg ions into the 16¢ octahedral
site induces the migration of the
cations located at the tetrahedral 8a
site to the adjacent octahedral 16¢
site, resulting in the transformation
into a rocksalt phase. Reproduced
with permission from Ref. 83.
Copyright 2015 The Authors

8a 16d 32e 16¢c
Vacant
(ii) Pushed out

higher Mg insertion potential than tunnel-structured a-MnO-
(Fig. 12b) [86].

Building on these insights, we developed a ZnMnOs
cathode, conceptualized as a ZnO-stabilized A-MnO: [87].
This material exhibited excellent cyclability (> 100 cycles),
moderate capacity (~ 100 mA h g™!), and an operating volt-
age range of 2-3 V at 150 °C (Fig. 13) [88]. Structural
characterization revealed that ZnMnQO: adopted a defective
spinel structure with cation deficiencies at the octahedral
16d sites. These defects created additional pathways and
sites for Mg migration and accommodation, enabling stable
single-phase reactions while suppressing the formation of
an inert rocksalt phase [88].

Compared with other reported long-life cathode materials
[81, 89, 90], this defect spinel-type material has a superior
electrode potential (Fig. 14) [91]. Furthermore, the theoreti-
cal capacity is over 300 mAh g-1 if the reaction to form a
rocksalt phase is included. A current limitation is compati-
bility with other parts when constructing full cells. The ionic
liquid electrolyte used here makes passivation of the Mg-
metal anode, decreasing the cell voltage [92]. In addition,
the operating temperature remains a significant challenge.
Proposed strategies include using ultrasmall particles [93],
high-entropy oxides [94], and alkali cation co-intercalation
[95]. Another promising approach involves sulfur-based

Usual spinel coordinate

Spinel lattice depicted by
setting a 32e site as origin

Origin shift .

by 3/8 3/8 3/8 ?4?? 0’°

A
Va c1aBnc; | Vé}?;

o '
16d & ‘;P‘:{f‘

ffom 8a to 16c " of ' 329 Sa
|

> g

@ Springer

- (i) Mg?* insertion onto
’ 16c in spinel lattice



Journal of the Korean Ceramic Society (2026) 63:336-356

349

Fig. 12 (a) Schematic diagram a b

showing the spinel-rocksalt transi- . . X Emg(nop) + Extano;

tion in %n-basrf):d spinel oxides. Dlscharge: ste' -> rocksalt 05 F - Emngai

Zn ions that prefer the tetrahedral Mg insertion 10 Q , zz m;?gg
environment accelerate the inverse = o . 3 #Q $ izt tideos
rocksalt-to-spinel transition in the Mg in spinel Zn in spinel 55 -ﬁ 8 N\ ﬂﬂ v MgO+Mio, ,#4

charging process. Reproduced with
permission from Ref 84. Copyright
2019 The Royal Society of Chem-
istry. (b) Ab initio calculation for
comparing the Mg insertion poten-
tials in various MnO: polymorphs.
Spinel-structured A-MnO, provides
the highest potential among them,
while its structural instability is a
problem in practical use. Repro-
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Fig. 13 Long-life cycling performance of the defect-spinel ZnMnO;
cathode material. In contrast to the rapid capacity fading in stoichio-
metric spinel oxides such as MgCo,0O, and MgMn,0,, the defect spi-

materials, which offer high capacity and rate performance
potential [96].

Electrolytes play a crucial role in battery performance.
In metal anode-based systems, they must enable highly
efficient and reversible metal plating and stripping, ideally
achieving Coulombic efficiencies above 99.95% for practi-
cal applications. However, few electrolyte formulations—
comprising solvents and conductive salts—are compatible
with the highly reactive Mg metal [97, 98]. Electrolytes
optimized for lithium-ion batteries often impair Mg plating/
stripping reversibility due to severe passivation caused by
unavoidable interfacial reactions [97, 99].

To address these limitations, developing passivation-free,
highly efficient electrolytes is essential. Since the introduc-
tion of the first Mg battery prototype utilizing a highly cor-
rosive alkylhaloaluminate-based electrolyte [81], significant
research has focused on discovering more effective elec-
trolyte systems. Weakly coordinated anion (WCA)-based

nel ZnMnOj exhibited highly stable charge/discharge over 100 cycles
at an elevated temperature of 150 °C. Reproduced with permission
from Ref. 88. Copyright 2021 The Authors

electrolytes have emerged as promising candidates for next-
generation Mg batteries [100—-102].

Among WCAs, boron- and aluminum-centered ate com-
plex-based WCAs have attracted particular interest due to
their structural tunability [101-104]. Their electrochemical
performance depends strongly on ligand structure. Through
systematic studies examining ligand structures, central
elements, solvent selection, and salt concentrations, we
identified an aluminate-based WCA with 1,1,1,3,3,3-hexa-
fluoro-isopropoxy ligands ([AI(HFIP)4]") in diglyme (G2)
solvent that demonstrated exceptional electrochemical per-
formance [105, 106].

This optimized electrolyte outperformed its borate-
based counterpart ([B(HFIP):]") and conventional
bis(trifluoromethanesulfonyl)amide ([TFSA])-based elec-
trolytes, as shown in Fig. 15 [105, 106]. Galvanostatic
Mg plating/stripping cycling tests confirmed its superior
performance, achieving Coulombic efficiencies exceeding
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Fig. 15 Cyclic voltammetry profiles of representative Mg battery elec-
trolytes recorded on a Pt working electrode at 30 °C. The profiles of
Mg[Z(HFIP),], (Z=B, Al) are reproduced with permission from Refs.

99.5% over 250 cycles (Fig. 16) [106]. To the best of our
knowledge, this represents one of the highest-performing
halide-free Mg battery electrolytes reported to date. Battery
cycling tests with various cathode materials further demon-
strated the superior compatibility of this electrolyte formu-
lation [107], though potential side reactions require careful
consideration [108]. Due to its exceptional properties, this
electrolyte has been adopted as a standard in national bat-
tery projects in Japan and Germany. The successful devel-
opment of this electrolyte marks a significant step toward
realizing high-energy-density Mg batteries.
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9 Li metal battery

Lithium metal anodes are used in Li-sulfur, Li-air, Li-metal,
and all-solid-state Li-metal batteries. However, their low
cyclability limits their application in next-generation batter-
ies. Extensive research has been conducted to understand the
degradation mechanisms of lithium metal during cycling.
Lithium metal readily reacts with electrolytes, forming
a solid electrolyte interphase (SEI), as shown in Fig. 17
[109], The chemical composition of SEI has been analyzed
using FTIR, XPS, and other techniques [110-112]. These
analyses have revealed that SEI composition depends on the
electrolyte type, electrolyte additives, and charge-discharge
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Fig. 16 (a) Galvanostatic cycling profiles and (b) corresponding Cou-
lombic efficiencies of [Mg || Cu] asymmetric cells employing 0.3 mol
dm™3 Mg[Z(HFIP),],/G2 electrolytes, measured at a current density of

Current (Li* ion) Flow

High Resistivity)|

Low Resistivity

Cycle number / -

0.5 mA cm™ 2 and a temperature of 30 °C. Reproduced with permission
from Ref. [106]. Copyright 2022 American Chemical Society

Surface Layer
Solid Electrolyte Interphase (SEI)

Li Metal

Fig. 17 Schematic illustration of the SEI layer on a Li metal surface. The non-uniform SEI layer leads to a distribution of Li" ion flux, and this

non-uniformity enhances localized Li electrodeposition and dissolution.

conditions. Additionally, the uniformity of SEI thickness is
strongly influenced by these factors. Poor SEI uniformity
leads to uneven current distribution within the cell, signifi-
cantly affecting the cycle life of the lithium metal anode.
Non-uniform current distribution leads to a localized con-
centration of Li" ion flow on the lithium metal surface. The
morphology of lithium metal is directly influenced by the
current distribution near its surface. Concentrated current
flow promotes the formation of lithium metal with a den-
dritic morphology [113]. These dendrites have a high sur-
face area, intensifying chemical reactions between lithium

metal and the electrolyte. The chemical reduction of the
electrolyte produces byproducts such as LiF, Li,CO;, Li,0,
and Li alkyl carbonate (or other organics) [114]. These reac-
tion products further exacerbate non-uniform current distri-
bution on the lithium metal anode surface. To achieve long
cycle life in lithium metal anodes, maintaining a uniform
current distribution near the lithium metal surface is essen-
tial. A uniform Li* ion flow distribution suppresses dendrite
formation.

This project investigated two approaches to control cur-
rent distribution near the lithium metal surface. The first
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involved artificially modifying the SEI using additives or
artificial SEI layers composed of Li‘-conductive polymers
or gels. Li metal reacts with some chemical species at Li
metal surface to form SEI. Artificial SEI will be designed
to get uniform Li" flux to Li metal surface and prevent the
undesirable side reaction between electrodeposited Li metal
and electrolytes. In addition, artificial SEI needs mechani-
cal toughness because Li metal repeats large volume change
during charge and discharge cycles [115, 116]. Regarding
design of artificial SEI, we have succeeded in forming a
gel with hydrogen-bond on Li metal surface by taking over
other projects [117, 118]. On the other hand, in terms of SEI
analysis technology, a method using an ultramicroelectrode
as model electrode was established, and we have reported
the identification technique of lithium compounds in SEI
layer by cryo-STEM-EELS [119].

The second focused on developing a novel separator.
Figure 18(a) presents an SEM image of a polyimide sepa-
rator with an inverse opal (IOP) structure [120, 121]. This
separator significantly improved current uniformity at the
interface between the separator and the lithium metal sur-
face. The IOP separator was synthesized using a templat-
ing method. Mono-dispersed silica or polymer beads, with
particle sizes of a few hundred nanometers, were used to
prepare the opal-structured template sheet. A polyamic acid
solution in dimethylacetamide was injected into the voids
of the opal-structured template composed of microbeads.
After polymerization at 300 °C, the template beads were
removed using an HF aqueous solution for silica beads or a
heating process below 300 °C for polymer beads. The IOP
separator effectively controlled current distribution, ensur-
ing a more uniform Li* ion flow at the lithium metal surface.
Figure 18(b) presents an SEM image of lithium metal after
100 cycles in a Li metal/IOP separator/electrolyte/Li metal
symmetric cell with ethylene carbonate/1.0 mol dm™ > LiPFj

electrolyte. The IOP separator suppressed lithium dendrite
formation due to its highly uniform Li" ion flow distribution
and SEI stabilization. The discharge and charge cycle per-
formance of the cell with NMC cathode, Li metal anode and
IOP separator was improved, but the cycle number was less
than 200 cycles. Figure 19 displays the discharge and charge
curves of a lithium metal battery with a LiNi, sMn, ,Co, 50,
cathode and a newly developed electrolyte. The combina-
tion of the IOP separator and the new electrolyte resulted
in improved cycle performance. The polyimide-based IOP
separator exhibited superior wettability compared to con-
ventional polyolefin separators, making it suitable for highly
concentrated electrolytes. While many studies employed
thick glass separators for such electrolytes, the IOP separa-
tor provided an effective alternative. Additionally, the highly
concentrated electrolyte demonstrated lower reactivity with
lithium metal, further enhancing cycle performance [122,
123]. In fact. the discharge and charge curves were obtained
by using 3.0 mol md™ 3 LiFSI/EMI-FSI ionic liquid which
cannot be used in the cell with polyolefin separator owing
to low wettability of this electrolyte to polyolefin separator.
The cycle number of this small lithium metal battery was
more than 500 cycles and its estimated energy density of
cell was more than 400 Wh kg~ !. As described above, the
cycle performance of lithium metal battery strongly depends
on a reactivity of electrolyte with lithium metal anode. This
ionic liquid can provide very low reactivity, leading to less
consumption of electrolyte. A similar behavior was also
observed by using dimethyl carbonate/5.5 mol dm™ 3 LiFSI
electrolyte. This electrolyte also has a less reactivity with
lithium metal [122]. In conclusion, lithium metal batteries
can be realized through the use of a less reactive electrolyte
and the IOP separator. The development of new electrolytes
and improvement of IOP separator has been continued in
new project in Japan. These new materials have not only

Fig. 18 SEM images of (a) an IOP separator and (b) a Li metal surface after 100 cycles in ethylene carbonate containing 1 mol dm™ LiPF4 at 15.89

mA for 30 min (7.945 mAh)

@ Springer
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Fig. 19 Discharge and charge
curves of an NMC523/Li metal full
cell with newly developed electro-
lyte at room temperature, cycled at
0.1 C for the initial activation cycle
followed by 0.5 C for subsequent
cycling

45

Voltage / V

applied to lithium metal battery, but also to lithium ion bat-
tery and other next generation batteries. At least, Li sulfur
battery and Li air battery need a reversible Li metal anode.
In these batteries, different types of electrolytes may be used
to keep cathode reactions. Therefore, further development
of new electrolytes is a key issue for these next-generation
batteries

10 Summary

In the ALCA-SPRING project, six types of next-generation
batteries were developed. Each of these battery systems
is attracting worldwide attention, and we believe that the
knowledge of this project will make a significant contri-
bution. Among them, ASSBs with sulfide electrolytes and
lithium metal batteries have the potential for commercial-
ization in the near future. However, ASSBs with sulfide
electrolytes has challenge to make it larger, and lithium
metal battery remains problem with regard to cycle life
performance beyond 1,000 cycles. Although lithium-sulfur
batteries may also become commercially available, it is nec-
essary to improve the cycle life. Mg metal batteries, ASSBs
with oxide electrolytes, and lithium-air batteries still require
further fundamental research. It became much clear that it
was necessary to find positive active materials that would
allow Mg?" ion to move fast. For ASSBs with oxide elec-
trolytes, although the operation of the small cells has been
confirmed, when the cell size is larger, issues such as the
bondability of each component become apparent. For Li-
air batteries, it became clear that designing the electrodes
based on an understanding of the reaction mechanism of the

2 4 6

Capacity /mA h

air electrode is indispensable. Currently, none of these next-
generation batteries have been commercialized. In Octo-
ber 2023, Japan launched a new project known as Green
Technology of Excellence (GteX) program. This initiative
encompasses not only rechargeable battery research but
also studies on hydrogen production via electrolysis and
biomanufacturing. The rechargeable battery research seg-
ment, a crucial area of the project, focuses on seven types
of next-generation batteries as well as advanced lithium-
ion batteries. Specifically, ASSBs, lithium-sulfur batteries,
lithium-air batteries, and magnesium metal batteries are
included. Within the next decade, some of these next-gener-
ation batteries are expected to be commercialized. Lithium-
ion batteries are also part of the GteX project, highlighting
their continued importance in practical applications. Sig-
nificant advancements in lithium-ion battery technology are
anticipated as part of this initiative.
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