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ABSTRACT
The Center for Advanced Battery Collaboration (ABC) was established at the National Institute for Materials Science with the support of
COI-NEXT, Japan Science and Technology Agency (JST). ABC aims to create a platform for collaboration between academia and industry for
battery research and development with a special focus on developing battery simulation protocols through advanced characterization, data
science and theoretical calculations. These protocols not only support the development of advanced Li batteries, Li-air batteries, sodium
batteries, magnesium batteries, and all-solid-state batteries but also promote the innovation of new battery technologies in collaboration
with industries. This article provides an overview of the projects in ABC and highlights the efforts and achievements of each research team.
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1. Introduction

Rechargeable batteries are used in various devices, including
cars, cell phones, and laptops, significantly shaping modern life,
especially after the commercialization of lithium-ion batteries
(LIBs). Recently, large-scale LIBs have been applied to electric
vehicles and energy storage systems as part of efforts to reduce
carbon dioxide emissions.1 Another crucial role of rechargeable
batteries is to power Internet of Things (IoT) systems, which are
vital for healthcare and disaster prevention information networks.
Sustainable development goals (SDGs) are widely recognized as key
objectives for building a sustainable human society.2 In this project,

next-generation rechargeable batteries, such as all-solid-state
batteries, advanced lithium batteries, LIBs, lithium–air batteries,
sodium-ion batteries (SIBs), and magnesium metal batteries, have
been developed to address the major SDGs (Fig. 1). However, the
development of optimal and commercially viable rechargeable
batteries is usually time-consuming. To accelerate battery research
and development (R&D), another crucial target of this project is to
establish a comprehensive battery research platform. This platform
enables the simulation of cell and electrode performance based on
the measurements of various electrochemical parameters of the
active materials, ionic conductivities of the electrolytes, and physical
and electronic parameters of the binders and conductive additives.
The developed simulation program can predict the electrochemical
behaviors of electrodes, cells, and pack batteries. By simulating the
discharge and charge characteristics of porous electrodes and cells
with various parameters, the platform provides valuable information
on material selection, electrode design, and cell configuration to
achieve overall battery improvement, thereby supporting the R&D
of rechargeable batteries.

In addition, we have developed an automatic experimental
system (the Smart Labo System), which can be used for rapid
optimization of battery materials and electrode composition,
significantly reducing the time required for battery R&D.

Furthermore, data science and computational science have been
applied to nanoscale design. Data science aids in identifying new
materials suitable for solid electrolytes (SEs), cathode, etc. The
database has already been prepared and is accessible to researchers
outside the National Institute for Materials Science (NIMS).
Computational science can provide valuable information on the
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Li+ pathway in SEs, the solid electrolyte interphase (SEI), and so
on. Thus, the platform covers the research from the nanometer to the
centimeter scale in batteries. In other words, it provides a multiscale
simulation approach, combined with specific measurements, data,
and computational science, for the rapid development of recharge-
able batteries in both industry and academia.

2. Research and Development of Batteries in the World

Research on next-generation batteries has been conducted
through various national projects. In the United States, the Joint
Center for Energy Storage Research led by Argonne National
Laboratory (ANL) focused on the development of multivalent ion
and lithium-sulfur batteries. This research project was one of the
largest in the physical chemistry field with funding of $240 million
over 10 years. The Battery500 Consortium, a research initiative
based on the Pacific Northwest National Laboratory, focuses on the
development of lithium-metal batteries with a specific energy of
500Wh/kg. Additionally, Li-Bridge is an industry-government
collaboration committed to the development of a domestic supply
chain for lithium batteries. As part of this project, ANL has
published the “National Blueprint for Lithium Batteries 2021–
2030,” which outlines a roadmap to maintain long-term compet-
itiveness.3

The European Battery Innovation project, involving 12 partic-
ipating countries and primarily led by Germany, had a total budget
of up to 2.9 billion euros supported by BATT4EU through Horizon
Europe. This large-scale initiative integrated industry, government,
and academia, focusing on strengthening supply chains, recycling,
and life cycle assessment (LCA). The primary targets are LIBs and
solid-state batteries.4 Battery 2030+ aim to develop high-perform-
ance batteries with long cycle life and enhanced safety. This
initiative not only develops battery materials but also focuses on
long-term goals related to manufacturing and recycling. In this
project, the research groups from Karlsruhe Institute of Technology,
Technical University of Denmark, and Uppsala University have
developed simulation techniques for the characterization and life
prediction of batteries. In the United Kingdom, the Faraday Battery
Challenge supported R&D in the Faraday Institution, covering all
stages from basic research to commercialization of next-generation
batteries. This project, with a total budget of £610 million from 2017
until 2025, targeted LIBs, all-solid-state batteries, lithium-sulfur

batteries, and multivalent ion batteries.5 The research team at
Imperial College London works on battery modeling and simulation.

In Japan, the Green Technology of Excellence (GteX) project
was launched in 2023 and supported by JST. GteX has 7 battery
research teams, focusing on advanced LIBs, sulfide-based all-solid-
state batteries, oxide-based all solid-state batteries, SIBs, Mg
batteries, Li-sulfur batteries, and Li-air batteries. These teams bring
together researchers from various disciplines, supported by a system
that fosters collaboration across teams.6 In addition, the New Energy
and Industrial Technology Development Organization provides
RISING 3, SOLiD-Next, and Green Innovation Fund for battery
R&D, especially for electric vehicles. These projects emphasize not
only material research but also practical applications, with a strong
awareness of social implementation.

The development of new materials for solid and liquid electro-
lytes is essential for high-performance lithium batteries and next-
generation batteries. Especially, new sulfide solid electrolytes
are very important in fabricating all-solid-state batteries. Highly
concentrated electrolytes are promising to improve the performances
of LIBs, lithium-air batteries and Li-S batteries. Mg batteries
generally need new electrolyte systems to stabilize the operation of
Mg electrode and cathode. New solid electrolytes with high F¹ ion
conductivity are required for fluoride batteries. In the case of SIBs,
new cathode and anode materials, electrolytes, and other compo-
nents are also required. Various solid and liquid electrolytes have
been developed through the abovementioned Japanese projects,
attempting to find new materials that can drive significant
innovations in the battery industry. In addition, some projects focus
on establishing supply chains, recognizing the critical role batteries
play in economic security.

The COI-NEXT project at NIMS is unique as it integrates
simulation technologies, special measurement and evaluation
methods, and some next-generation battery research under one roof.
Additionally, the project in Europe includes a simulation technology
for battery design and prediction of battery life. However, the project
including simulation technology, advanced measurement and
evaluation technologies, and some next generation battery research
under one-roof is not present except for the COI-NEXT project
conducting in NIMS. In addition, considering that most national
projects on next-generation batteries do not include LIBs, another
target of the COI-NEXT project is to establish a platform for the
R&D of rechargeable batteries, especially LIBs.

Figure 1. Targets of the COI-NEXT projects based on SDGs.
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3. Center for Advanced Battery Collaboration

NIMS has established the Center for Advanced Battery
Collaboration (ABC), which is supported by the COI-NEXT
program. The center consists of nine research teams: the Protocol
Team, Advanced Li Battery Team, Li-Air Battery Team, All-Solid-
State Battery Team, Elemental Strategy Team, Data Resource Team,
Smart Laboratory Team, Computational Calculation Team, and
Advanced Measurement Team. All teams are managed by
permanent researchers in NIMS, with a project director and a
manager overseeing all teams. Moreover, the University of Tokyo
and Kyoto University have joined this center to support innovative
electrolyte research and synchrotron-based characterization, respec-
tively. In addition, five companies supported the research center,
focusing on the commercialization of fundamental research.
Figure 2 demonstrates the schematic of the ABC organization.
The most important aspect of this center is that all teams share the
primary goal of establishing “protocols” for battery research. These
“protocols” serve as tools not only for battery research but also for
battery design based on the intrinsic parameters of the active
materials, electrolytes, separators, and three-dimensional (3D)
electrode structures. The project director oversees the development
of these “protocols” and their applications within the center.
Ultimately, ABC aims to publish the ‘protocols’ for commercial
use in the Japanese battery industries.

4. Development of a Protocol for Rechargeable Batteries

As aforementioned, developing “protocols” is the primary
purpose of this project. The ideal “protocol” is a multiscale model
based on the experimental results from the atomic scale to the
millimeter scale, theoretical computational calculations, and data-
driven techniques, including artificial intelligence (AI)–based
machine learning (ML) technology. We now focus on the electrode
structure to simulate the charge and discharge curves. Newman
et al.7 proposed a one-dimensional simulation model, and several
researchers have used the Newman model to predict battery
performance.8,9 However, battery electrodes are “composites” with
a complicated 3D structure, composed of active material particles,
nanocarbon as a conductive agent, and binders. The chemical
species in the electrolyte can transfer to the electrode pores, and
ionic conduction in the electrode significantly influences the

electrochemical characteristics. Considering that LIBs have been
used in various applications, the “protocol” aims to propose the
suitable electrode structure for each application. Inoue and Kawase10

reported that the 3D structure affects the ionic conduction of battery
electrodes. To incorporate such 3D structural characteristics into a
simulation scheme, it is important to obtain the real 3D electrode
structure experimentally. The focused-ion-beam scanning electron
microscopy (FIB-SEM)-based auto-slicing technique, especially
plasma FIB-SEM (P-FIB), can examine extremely large sample
areas. In this project, P-FIB was used to obtain a 3D structure with a
300-µm width and a 50-nm pitch from 4000 sliced images (Fig. 3).
These images were reconstructed to analyze the interaction in the
electrode pores, and the tortuosity and porosity were evaluated using
AVIZO (Thermo Fischer Scientific Co.). In this project, the 3D
structure of the electrode was used to estimate the ionic conductivity
of the electrode, which was then validated through four-electrode
cell measurements. In addition, the other parameters, such as
viscosity, diffusion coefficient, transference number of the electro-
lyte, exchange current density, and diffusion coefficient of the active
materials were also obtained from a series of experiments. Figure 4
shows the typical experimental techniques, including single particle
measurement and ionic conductivity measurement using a four-
electrode cell. The simulation of the charge/discharge curves will be
performed based on the finite element calculation technique using
COMSOL Multiphysics (COMSOL Inc.) combined with our
experimental results and real 3D images.

However, analyzing the real 3D images obtained from the auto-
sliced FIB takes a long time. Recently, ML techniques have
demonstrated the potential to accelerate electrode structure analysis,
where only a few images are required to estimate the 3D parameters
of an electrode. Accelerating this type of R&D is also important
from the perspective of contributing to industry.

Figure 2. Schematic of ABC organization.

Figure 3. Cross-sectional image of LIB positive electrode ob-
tained from P-FIB slicing.
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The manufacturing process of LIB electrodes is also crucial for
the battery industry. The battery electrode is fabricated by mixing
active materials, conductive agents, binders, and solvents, followed
by casting the mixture on a current collector, drying, and pressing.
Nowadays, the process is established through many years of
experience. However, the physical chemistry aspects of each process
have not been described theoretically. The experimental parameters
were varied for optimization, and the experimental results were
shared in the “Materialize” project conducted at Tohoku University
supported by JST. The “Materialize” project will simulate the battery
manufacturing process based on theoretical calculations. Establish-
ing this process protocol will have a significant impact not only on
the battery industry but also across several engineering fields.

5. Measurement System Development

5.1 Formation of LiCoO2–Li3BO3 composite electrode on an
SE sheet and operando chemical analysis

LiCoO2 fine powder was applied to a Li6.6La3Zr1.6Ta0.4O12

(LLZT) sheet precoated with a Nb-thin protection layer. The
composite was then annealed at a relatively low temperature after
the wet chemical treatment with aqueous LiOH and H3BO3 solutions
to form a LiCoO2–Li3BO3 electrode on the LLZT sheet.11 After
binding a Li foil on the other LLZT sheet side, the electrochemical
reactions at the LiCoO2-Li3BO3 composite electrode were inves-
tigated using a laboratory-based hard X-ray photoelectron spec-
troscopy (HAXPES) apparatus equipped with a bias application
system.11

The first charge/discharge cycle clearly showed an irreversible
capacity, probably due to the substance instability; however, after a
few cycles, the charge/discharge process became reversible with
a capacity density of ³85mAh/g and a Coulombic efficiency of
³100% (Fig. 5a). The photoelectron spectrum in the Co 2p region
obtained in the pristine state exhibited a characteristic LiCoO2

profile, which comprised a sharp main peak and a shoulder
corresponding to the Co3+ species and the final state effect,
respectively (Fig. 5b).11 After charging (extracting Li ions from
LiCoO2), the shoulder broadened to a higher binding energy due to
the oxidation of Co3+ to Co4+ (Fig. 5b). In addition, the main peak
shifted to a lower binding energy as the delithiation of LiCoO2

caused an electronic state transition from p-type semiconducting to
metallic. After subsequent discharging (insertion of Li ions into
Li1¹xCoO2), the shoulder returned to its original width due to the
reduction of Co4+ to Co3+ (Fig. 5b). These reversible interconver-
sions were successfully observed during the successive charge/
discharge cycles.

After calibrating the photoelectron spectra, using the B 1s peak
corresponding to Li3BO3 at 191.5 eV as a standard, the Co3+ peaks

shifted consistently with the cell voltage during the charge/
discharge cycles (Fig. 5c). This shows that the Fermi level of
LiCoO2 shifts in accordance with the cell voltage, and Li3BO3 acts
as a bulk electrolyte throughout the charge/discharge cycle. The
analysis area and information depth addressed by the operando
HAXPES were relatively large because the Cr-KA source
(5414.9 eV) used in this project generated an X-ray beam with a
spot size of ]200 µm. However, the width and symmetry of the
Co3+ peak were maintained during the charge/discharge cycle,
confirming that LiCoO2 and Li3BO3 were uniformly dispersed and
well-connected to each other in the composite electrode.

5.2 Operando nanomechanical mapping of electrode active
materials

Understanding the nanoscale and mesoscale mechanical proper-
ties, as well as the morphologies of the electrode active materials in
response to the state of charge, is essential for designing highly
durable cells that can manage the volume change of the active
materials. An operando bimodal atomic force microscopy (AFM)
system was developed to perform nanomechanical mapping, as well
as topographic imaging (Fig. 6a), of the electrode active materials in
an all-solid-state cell configuration during charge/discharge cycles.
The system was used to analyze amorphous Si electrodes that
underwent notoriously severe volume change during lithiation/
delithiation.12

Upon lithiation, Young’s modulus drastically changed from ³80
to ³55GPa due to the formation of lithium silicides, LixSi, in the
initial stage and then monotonically decreased to ³40GPa with
increasing capacity density, i.e., Li content x in LixSi (Figs. 6b and
6c). The correlation between Young’s modulus and capacity density
agreed well with those estimated by theoretical calculations and
nanoindentation measurements, confirming the reliability of this
technique.12 Collaboration is now ongoing with a multiscale
modeling approach to mitigate mechanical degradation.

6. Data Science

Data-driven research can facilitate battery development by
enabling efficient discovery and optimization of materials. By
analyzing large datasets, researchers can identify patterns and
predict properties, such as ionic conductivity, to accelerate
innovation. ML models reduce the reliance on time-intensive
experiments, streamlining the screening and design of advanced
materials. This approach also uncovers critical compositional or
structural features to optimize existing materials, thereby enhancing
their performance. To further accelerate the exploration of new
battery materials, we have compiled data from relevant research
papers to develop an AtomWork Battery database.13 In addition, we

Figure 4. Schematic of the experimental setup for measuring some parameters of battery materials: (a) single-particle measurement setup
for electrode active materials and (b) four-electrode cell for the ionic conductivity measurement of the composite electrode.
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Figure 5. (a) Galvanostatic charge/discharge potential profiles of the LiCoO2–Li3BO3/LLZT/Li cell; (b) Co 2p and B 1s photoelectron
spectra of the LiCoO2–Li3BO3 composite electrode in the pristine state and after charging/discharging; (c) (top) galvanostatic charge/
discharge potential profiles, (middle) positions of Co3+ peak after calibration with the B 1s peak, and (bottom) full width at half maxima of
Co3+ and Co4+ peaks.11

Figure 6. (a) Schematic of the operando bimodal AFM; (b) topography images and Young’s modulus maps of the Si thin film during
lithiation; (c) average Young’s moduli of the Si thin film.12
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created AtomWork Creator ML tools for property prediction and
material design.

6.1 Battery material database
The AtomWork Battery database contains data on SEs and

cathode-active materials extracted from relevant research papers.
Using natural language processing, we identified and retrieved
papers related to these materials from a collection of over 350,000
publications. Data extraction and curation are performed by highly
trained editors, who systematically extract material information,
such as chemical composition, phase composition, synthesis
processes, and properties, as well as battery-related information,
including battery composition and charge/discharge capacities. The
database includes the material properties, such as ionic conductivity,
diffusion coefficients, and activation energy. The current number of
data entries in the database is summarized in Table 1. The database
is updated annually, with approximately 400 new papers added each
year.

6.2 ML tools for battery material design
AtomWork Creator is a Python package developed using ML

methods for property prediction and material design. Its main
functions include the following.
1) Encoding/Decoding of Periodic Descriptors: These are the

original descriptor sets representing the chemical composi-
tions of the materials.

2) Prediction of Material Properties: AtomWork Creator lever-
ages ML models to forecast material properties.

3) Design of Chemical Compositions: AtomWork Creator
identifies the optimal chemical composition of a material to
achieve the best properties.

By default, the package includes ML models trained on AtomWork
Battery data to predict ionic conductivity and design materials with
high ionic conductivity. Users can also integrate their own datasets
to predict other material properties, making the tool highly adaptable
to various research needs.

7. Computational Science Team

This team has four targets: (1) creation of a database regarding
the self-diffusivity (tracer diffusion coefficient) of SEs to contribute
to the battery protocol developed by the Protocol Team; (2)
development of new workflows, techniques, and codes for high-
throughput self-diffusivity calculations at the density functional
theory (DFT)–based molecular dynamics (MD) level; (3) elucidation
of ion and electron transfer mechanisms through DFT calculations;
(4) collaboration with the experimental teams.

In this section, we especially focus on the targets (1) and (2).
In conventional SE searches, the crystal structure is predefined,
and materials are selected through ion exchange using genetic
algorithms or Bayesian optimization. Our approach, though more
brute force, is computationally effective through parallelization,
allowing us to construct a workflow that can equally consider
various crystal structures.14

For example, we first extracted all 7 Na-ion sulfide NanMmSx
(M =Metal) from the ICSD database and used them as “mother”
crystals (See Fig. 7). We then considered the doping of MB metal
ions with a different valence (mB) into the metal ion M position.
Because of charge neutrality, Na-ion defects corresponding to the
doping amount were introduced. If the MB ion with a higher valence
than the M ion is chosen, Na-ion vacancies are introduced. Four
doping levels (1/8, 1/4, 3/8, and 1/2) yield 170 possible
compositions of NanMmMBmBSx. Converting this into the number
of ion configurations, a total of approximately 100 million possible
structures are generated, given the degrees of freedom in the
positions of dopant MB ions and the Na-ion vacancies in the
supercell with around 200 ions used in this study.

Because it is practically impossible to perform 100 million DFT
calculations, we developed a point-charge-based Ewald energy
(EEwald) calculation code, called EwaldSolidSolution, as a surrogate
model (a proxy for DFT calculations).15 The model selects stable
configurations and removes unstable ones based on the electrostatic
energy for each given ion configuration. With the code paralleliza-
tion, the process is fast enough to finish in approximately half a day
for around 100 million configurations. Unlike Bayesian optimiza-
tion, the EwaldSolidSolution strategy is to exhaustively screen the
material parameter space using parallelized calculations. Five low-
energy structures obtained for each composition from the surrogate
model screening were subjected to DFT geometry optimization.
Convex hull analysis is performed, and the metastable structures
with a hull energy of less than 100meV/atom are selected for the
next step. The 170 NanMmMBmBSx structures remaining at this stage
were finally screened for the Na-ion self-diffusivity, which is related
to ionic conductivity. The static DFT calculations of the activation
energy using the nudged elastic band method is not appropriate to
such complex atomic structures. Therefore, from the viewpoint of

Table 1. Number of data entries of the AtomWork Battery
database in 2023.

Solid
electrolyte

Cathode
material

Total

Paper 538 350 888

Material 2,721 1,122 3,843

Chemical system 461 214 670

Substance 583 252 812

Battery cell 222 1,344 1,566

Material property 23,184 495 23,679

Charge/discharge capacity 1,798 15,667 17,465

Curve 6,504 9,694 16,198

Data point of the curve 246,705 770,915 1,017,620

Figure 7. High-throughput flow for ion self-diffusivity screening
at the DFT-MD level, with EwaldSolidSolution calculations.
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the concerted dynamics of ions, the DFT-MD approach is employed
to directly calculate the self-diffusivity based on mean-squared
displacements.

This DFT-MD sampling is very time-consuming, and it is
virtually impossible to compare all 170 structures at the same level.
Therefore, a short diagnostic flow was introduced to perform self-
diffusivity screening by increasing the MD time step by a factor of
10 (to 10 fsec) and sampling for a short time (around 100 psec level).
This is a reasonable approximation unless the period of vibrations in
the ionic framework related to Na-ion diffusion is slower than this
time interval. After narrowing down the targets to 44 structures
based on the short-time diagnosis, the Na-ion self-diffusivity at room
temperature was obtained by DFT-MD sampling at the 250-ps level
using the conventional 1 fsec as the time step. The Na ion
conductivity at room temperature was obtained through the
Nernst-Einstein law. At this stage, the number of structures was
narrowed down to 27. It is imperative to investigate the correlation
between the so-called long- and short-time diagnoses. Our assess-
ment confirms that a reasonable level of positive correlation exists.
In other words, the structures with a conductivity of 1mS/cm or
higher in the short-time diagnosis also have high ionic conductivity
in the long-time diagnosis. Throughout the flow explained above,
the search for SEs with high ionic conductivity can be accelerated by
considering the realistic concerted dynamics. The flow and code
have been extended to cover a wider material parameter space.16–18

8. Smart Labo System

The application of data-driven approaches for material discovery
has gained considerable attention in the research of rechargeable
batteries. Rather than relying on experience and intuition to select
new materials, data science techniques can significantly reduce the
time and cost involved in finding the most suitable materials. Our
research group has developed an automated robotic experimental
system to study battery electrolytes.19 Based on a liquid-handling
dispenser and microplate transfer technologies established in
biochemistry, a microplate-based electrochemical cell (E-micro-

plate) was created. In this design, electrodes and electrolytes are
placed inside the wells of a 96-well microplate, which mimics the
environment of a conventional coin-type cell. Using the E-micro-
plate, we constructed an automated experimental robot (Fig. 8)
comprising a noncontacting-type liquid-handling dispenser, a
multichannel electrochemical analyzer, and a robotic arm for
transporting the microplate. For automated operation, an E-micro-
plate with electrodes and stock solutions was prepared by filling it
with additive solutions in the storage magazine. Once the solution
formulation recipe was input into the automated experimental robot,
the E-microplate was transported from the storage magazine to the
liquid-dispensing stage by the robotic arm. The prescribed additive
solutions were then dispensed into each well of the E-microplate.
Once the dispensing process was completed, the E-microplate was
transferred to the electrochemical measurement unit, where the
battery properties of each well were evaluated. The used E-
microplate is then transported to the disposal box. By continuously
executing this sequence of operations, the automated experimental
robot achieves a high-throughput measurement of over 1000
samples per day. Although this system provides superior exper-
imental throughput, careful experimental design is critical for
efficiently exploring the electrolyte compositions in the large search
space. For example, selecting 5 of 20 candidate compounds results
in over 107 possible combinations, making it impractical to
comprehensively evaluate all possibilities, even with robotic
experiments. To efficiently identify the optimal electrolyte additive
combinations within such an extensive search space, the application
of data-driven methodologies proves highly effective. In fact, our
research group has successfully discovered electrolyte compositions
that improve the cycle life of lithium-air batteries using the Bayesian
optimization technique.20 To further enhance the interaction between
data-driven methodologies and automated robotic experiments, we
developed NIMO (NIMS Orchestation System) (Fig. 9) to accom-
modate multiple AI methods with varying exploratory objectives
while using a unified data format.21 Currently, NIMO supports
several AI methods as standard implementations, including
Bayesian optimization via PHYSBO,22 BLOX nonobjective search

Figure 8. Schematic and photograph of data-driven high-throughput automated robotic experiments to search multicomponent electrolytes.

Figure 9. Procedures of using NIMO to achieve a closed loop between AI methods and robotic experiments.
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method,23 and random sampling. By introducing a unified data
format, NIMO facilitates the seamless integration of new algorithms
for autonomous experiments.

9. Next-Generation Battery Research

9.1 Advanced LIBs
The research focuses on an advanced LIB comprising a high-

voltage and high-capacity cathode, a nonflammable electrolyte, and
a Si-based or Li metal anode. As a promising anode material for
next-generation batteries, Li metal offers a very large capacity.
However, its practical application is restricted by the large
irreversible capacity induced by the side reactions during cycling,
as well as the formation of nonuniform morphology (so-called
dendrite formation). In addition, the charging and discharging
processes induce electrodeposition and dissolution reactions,
respectively, leading to large volume changes during cycling and
presenting challenges for battery design. To develop a Li metal
anode for a long-life battery, it is crucial to understand the
electrodeposition and dissolution mechanisms of Li. Several
researchers have reported the morphological variation of electro-
deposited Li metal by surface and cross-sectional SEM observa-
tion.24,25 As mentioned in the Protocol section, the P-FIB system is
highly capable of capturing 3D images. The 3D structure of
electrodeposited and cycled Li metal is very meaningful information
for understanding the deposition and dissolution mechanisms.
Figure 10 shows the 3D structure of electrodeposited Li metal on
Cu obtained in a 4mol dm¹3 LiFSI-DME electrolyte at 0.5mAcm¹2

for 4 h.25 Pores are observed in the electrodeposited layer, and the
porosity depends on the applied current density. In addition, by
increasing the current density, the deposit size becomes smaller. The
sphericity is also affected by the current density. These parameters
relate to the side reaction between the electrodeposited Li metal and
electrolyte. This study provides insights into the morphological
variation of Li metal during the charge/discharge cycle. In addition,
a Li metal anode is necessary for the interface design because Li
metal is a very reactive metal that decomposes electrolyte species.
The decomposition deteriorates battery reversibility and causes
electrolyte depletion. To restrict the side reaction, an artificial layer
is introduced on the Li metal surface.26 The layer needs both
hardness and softness against expansion and contraction. In this
project, a polymer gel with hydrogen bonds27 was introduced to the
Li metal anode, which effectively inhibits the undesirable side
reactions and improves the cycling performance. Our future work
will focus on optimizing the artificial layer for various applications.

9.2 Rechargeable magnesium battery (RMB) and sodium ion
battery (SIB)

Elemental strategic batteries, based on widely available elements
with low resource constraints and geopolitical risks, are expected to
serve as emergency and large-scale power sources to mitigate output
fluctuations in renewable solar and wind power generation. In this
project, we aim to develop innovative materials and fabrication
techniques that will pave the way for commercial RMBs and SIBs.
9.2.1 RMBs

Rechargeable batteries based on magnesium metal negative
electrodes are of particular interest due to the fascinating properties

of magnesium metal.28 A considerable challenge that hinders the
launch of RMBs in the battery market is the absence of electrolyte
materials perfectly compatible with the highly reactive magnesium
metal. Conventional electrolyte solutions can trigger undesired side
reactions with magnesium, which causes polarization and inactivates
the reversible magnesium plating/stripping reactions.29,30 Inhomo-
geneous passivation due to the native film on the bulk magnesium
metal induces 3D deposition behaviors, which may result in short-
circuit.31–33

To prevent the above undesired events related to the instability of
magnesium metal–electrolyte interface, we fabricated an artificial
interface on magnesium via a simple galvanostatic replacement
reaction using ZnCl2, in which Cl plays a pivotal role in etching the
native-passivated surface.34 A subsequent spontaneous replacement
reaction between Zn2+ and the activated magnesium resulted in
the formation of the homogeneous Mg2+-conductive Mg–Zn–Cl-
integrated functional interface. The ZnCl2-modified magnesium
electrodes exhibited excellent magnesium plating/stripping per-
formance (Fig. 11a), thereby greatly enhancing the cycle life of the
battery. In addition, ZnCl2 modification is effective in improving the
areal capacities, rate capability, and compatibility with the PTFE-
based thin separator (Figs. 11b–11d).33

A combination of various analytical techniques was employed
to reveal the mechanism underlying the positive effect of ZnCl2
modification. Grazing-incidence X-ray diffraction, position-resolved
electron diffraction, and electron energy loss spectroscopy, SEM
observation and subsequent electron backscatter diffraction analysis
showed that the amorphous nature and hybrid hierarchical
composition of the Mg–Zn–Cl-integrated interface and favorable
Mg2+ conductive characteristics were responsible for the excep-
tionally stable plating/stripping performance.33

The Zn-based interface is also effective in preserving the
electrochemical activity of magnesium under a dry air atmosphere,
whereas the non-modified interface does not show any reversible
electrochemical reactions under the same experimental conditions.35

The techniques developed in this study will open the possibility of
high-energy-density practical RMB materialization by adapting the
existing separator materials and manufacturing systems used for
LIBs.
9.2.2 SIBs

SIBs are also regarded as alternative energy storage options
because of the abundant natural availability of their component
materials.36 Although practical SIBs have already been in the market
for electric vehicles and bicycles,37,38 further development is still
required for SIBs to achieve performance comparable to or better
than current LIBs. In this context, the storage performance of SIBs
is often overestimated in the literature due to oversight of the
engineering aspects and the performance difference between the
half-cell and full-cell configurations. As this COI-NEXT program
aims to accelerate battery research and shorten the lead time for
battery fabrication, we investigated the effect of engineering aspects
on the performance of SIB full-cells.

Commercially available, well-studied compounds of
Na3V2(PO4)3 (NVP) and hard carbon (HC) have been adopted as
positive and negative electrode materials, respectively. Upon
systematic comparative survey concerning the electrode composi-
tion and the capacity balance between the positive and negative
electrodes (N/P ratio), the optimum composition of NVP and HC
electrodes are proposed, and the significant detrimental effects of
reactive Na+ consumption by full-cell operation on the energy
density of SIBs are clarified.39

By adopting adequate pre-sodiation techniques to compensate for
the loss of Na+, SIB full-cells with a prospective energy density of
100Whkg¹1 have been achieved using conventional NVP and HC.
This study provides guidelines for designing a practical full-cell SIB
configuration with high-energy-density (Fig. 12).

Figure 10. 3D structure of electrodeposited Li metal obtained in a
4mol dm¹3 LiFSI-DME electrolyte at 0.5mAcm¹2 for 4 h.
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9.3 Li-air battery
In lithium–oxygen batteries with nonaqueous electrolytes, Li2O2

deposits within the porous cathode via oxygen (O2) reduction during
discharge. Ideally, during charging, Li2O2 decomposes oxidatively
to release O2. However, in practice, electrode reactions, material
transport, and the physical properties of Li2O2 interact in a highly

complex manner, increasing the charging voltage and hindering
stable charge/discharge cycling. Consequently, establishing distinct
correlations between the charge/discharge cycle performance and
experimental conditions is challenging, which complicates the
development of design guidelines for these batteries. To address
these challenges, model-based development has emerged as an
effective approach, enabling quantitative analysis of the relation-
ships between factors and outcomes.40,41 In this context, we
developed a finite element model that incorporates two distinct
discharge reaction pathways (Fig. 13a), side reactions, and delithia-
tion reactions during charging.42,43

Figure 13b presents a specific example of our modeling approach
to evaluate the impact of the oxygen diffusion coefficient (DO2). The
results indicate that higher DO2 values lead to more extensive
deposition of Li2O2 within the porous cathode, which enhances the
cycling performance. A detailed analysis reveals that increasing DO2

improves the O2 concentration within the porous cathode, thereby
favoring the solution-mediated pathway. This is consistent with
previous research, which reported that larger DO2 values enhanced
battery performance.44 Another key example involves simulating
O2 evolution behavior during charging, where the O2 evolution
efficiency decreases not only due to the progression of the side
reactions but also during delithiation—a primary charging reaction.
To address these complexities, we developed an improved model
that treats LiO2 as an intermediate in the charging reaction. This
advancement enables the simultaneous prediction of charge/
discharge cycle characteristics and O2 evolution efficiency.43

Figure 13c shows the calculated distribution of the four critical
chemical species (Li2O2

surf, Li2O2
sol, LiO2

surf, and LiO2
sol) within the

porous cathode. Although obtaining such detailed information
experimentally is challenging, the simulation platform visualizes
the spatiotemporal distribution of the chemical species under various
conditions, clarifying their contribution to the voltage profiles and
O2 evolution behavior.

In real experimental systems, it is infeasible to independently
evaluate the effects of parameters, such as the porosity and pore size
of the porous cathode or the solution properties of the electrolyte, on

Figure 12. Schematic of the strategy to achieve high-performance
SIBs.

Figure 11. (a) Long-term galvanostatic cycling profiles of symmetric cells; (b) galvanostatic cycling profiles of asymmetric cells measured
at a large areal capacity of 5mAh cm¹2; (c) polarization curves of the rate capability test; (d) galvanostatic cycling profiles of asymmetric cells
with a typical PTFE membrane filter, reproduced from Ref. 33 with permission from Elsevier (2024 Copyright CC BY-NC-ND).
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battery performance. To address this limitation, we developed a
foundational model for quantitative analysis of their effects. This
model is expected to facilitate the development of design guidelines
for new materials, while also offering in-depth insights into the
phenomena observed in experimental studies.

9.4 All-solid-state batteries
Solid-state batteries have attracted considerable attention because

of their potential to improve efficiency and reliability. A key factor
in advancing this technology is to improve the performance of SEs.
Our research focuses on the precise measurement of the diffusion
coefficient of lithium and the identification of the critical factors that
contribute to the SE performance. For this purpose, we develop a
methodology for measuring lithium diffusion using materials with
ideal structures, especially single crystals. The target materials are
SEs with an A-site defective perovskite structure. The perovskite-
type lithium lanthanum titanate, Li0.29La0.57□0.14TiO3 (LLTO),
exhibits an ionic conductivity of 1 © 10¹3 S cm¹1 at 298K.45–47 A
similar structure, lithium lanthanum niobate, Li0.08La0.31□0.61NbO3

(LLNbO), with more vacancies (□) than LLTO, is expected to form
fast diffusion pathways. Based on this, large single crystals of
LLNbO that are stable in air have been prepared, and their ionic
conductivity can reach 2 © 10¹4 S cm¹1.48–50

The diffusion coefficients of large single crystals of LLNbO were
determined by integrating pulsed field gradient nuclear magnetic
resonance (PFG-NMR) and high-frequency impedance methods.
This approach effectively eliminates the grain boundary effects and
facilitates the experimental clarification of the anisotropy of the bulk
diffusion coefficients.

Figure 14 shows the temperature dependence of the diffusion
coefficient (DNMR) determined by PFG-NMR and the conductivity
diffusion coefficient (DQ) obtained from the ionic conductivity
via the Nernst–Einstein law.51 The DNMR of LLNbO is 1.2 ©
10¹12m2 s¹1 (293K) in the [100] direction. The DNMR values are
anisotropic, with the [100] and [001] directions differing by a factor
of about 3. The DNMR of LLNbO [100] is comparable in magnitude
to that of LLTO, indicating that the perovskite crystal structure of
LLNbO is suitable for fast diffusion. The difference in ionic
conductivity between LLTO and LLNbO is attributed to the number
of carriers. The DNMR and D· values are in excellent agreement,
indicating that the Li+ ions diffuse independently.

For an ideal crystal structure, the activation energies of the
hopping Li+ in the [100] and [001] directions should be different,
resulting in different diffusion coefficients. However, the activation
energy, which is within 0.32–0.33 eV near 300K, exhibits no
anisotropy in any orientation. This observation suggests that the
presence of defects, such as La in the La-poor layer, within the
actual LLNbO single crystals can act as pathways for the diffusion in
the [001] direction. Consequently, we conclude that the average
crystal structure, along with the defects in medium-range order,
plays a pivotal role in the dynamics of the long-range ions. Using
these methodologies, we have developed experimental techniques to
elucidate the diffusion mechanism of SEs. which will support our
future work in improving the performance of SEs and solid-state
batteries.

10. Conclusion

The goal of ABC is to establish a platform for collaboration
between academia and industry for battery research and develop-
ment. Combining the advanced characterization, data science, smart
laboratory, theoretical calculation with developing battery simula-
tion protocols, ABC will support not only R&D of advanced Li
batteries, Li-air batteries, sodium batteries magnesium batteries and
all-solid-state batteries but also in Japan but also the innovation of
new battery technologies. In addition, this project is being carried
out under one roof, which has a major advantage over national
projects overseas.

Figure 13. (a) Two discharge reaction pathways, (b) Impact of the
oxygen diffusion coefficient (DO2) on the discharge reaction, adapted
with permission from Ref. 42, Copyright 2023 American Chemical
Society. (c) Calculated distribution of four critical chemical species
(Li2O2

surf, Li2O2
sol, LiO2

surf, and LiO2
sol) within the porous cathode.

Adapted from Ref. 43 licensed under CC BY 4.0.

Figure 14. Diffusion coefficients determined from PFG-NMR
(DNMR) and ionic conductivity (DQ) of LLNbO single crystals in
the [100] (black) and [011] (red) directions. Reprinted from Ref. 51.
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