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“Sustainable and environmentally responsible energy transformation and storage are of utmost 
importance for our society. Scientifically and technologically, this field is extremely complex and 
challenging. Computational materials science and multiscale simulations are some of the most 
powerful tools to understand this complexity and design innovative materials and technological 
solutions. This book, written by world-leading experts, provides a unique source of the state of 
the art of this field. I highly recommend this book for industrial practitioners as well as academic 
researchers.”

Dr. Erich Wimmer
Materials Design, Inc., Montrouge, France

“A well-compiled book full of rich insights on digital modeling of industrial materials in 
electrochemical devices and modules, it is a must-read for people in both academia and industrial 
communities.”

Dr. Yoshihiro Asai
National Institute of Advanced Industrial Science and Technology, Japan

Environmental protection and sustainability are major concerns in today’s world, and a reduc
tion in CO2 emission and the implementation of clean energy are inevitable challenges for 
scientists and engineers today. The development of electrochemical devices, such as fuel cells, 
Liion batteries, and artificial photosynthesis, is vital for solving environmental problems. A 
practical device requires designing of materials and operational systems; however, a multidis
ciplinary subject covering microscopic physics and chemistry as well as macroscopic device 
properties is absent. In this situation, multiscale simulations play an important role. 

This book compiles and details cuttingedge research and development of atomistic, nanoscale, 
microscale, and macroscale computational modeling for various electrochemical devices, 
including hydrogen storage, Liion batteries, fuel cells, and artificial photocatalysis. The authors 
have been involved in the development of energy materials and devices for many years. In each 
chapter, after reviewing the calculation methods commonly used in the field, the authors focus 
on a specific computational approach that is applied to a realistic problem crucial for device 
improvement. They introduce the simulation technique not only as an analysis tool to explain 
experimental results but also as a design tool in the scale of interest. At the end of each chapter, 
a future perspective is added as a guide for the extension of research. Therefore, this book 
is suitable as a textbook or a reference on multiscale simulations and will appeal to anyone 
interested in learning practical simulations and applying them to problems in the development 
of frontier and futuristic electrochemical devices.

Ryoji Asahi began working with Toyota Central R&D Laboratories, Inc., in 1987, 
where he was involved in the development of energy and environmental 
materials such as photocatalysts, thermoelectrics, photo voltaics, and Liion 
batteries. He obtained his PhD in physics from Northwestern University, IL, USA, 
in 1999. Currently, he is also a professor at the Toyota Technological Institute, 
Nagoya, Japan. Dr. Asahi has received the Technical Development Award from 

the Chemical Society of Japan and the Corporate Environmental Achievement Award from the 
American Ceramic Society for the development of visiblelightsensitized photocatalysts. His 
current research interests include materials design using firstprinciples calculations combined 
with machinelearning algorithms and datadriven informatics. 
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In recent years, environmental protection and sustainability have 
become major concerns in society as the industry and economy 
have grown substantially to meet the energy demand. Therefore, a 
reduction in CO2 emission and the implementation of clean energy 
are inevitable challenges for scientists and engineers today. The 
development of electrochemical devices, with a particular focus on 
fuel cells, Li-ion batteries, and artificial photosynthesis in this book, 
is vital for solving environmental problems, and this is where a lot 
of research in science and industry has focused. The development 
of a practical device requires multiple steps, such as materials 
development, device design, and operational system design. These 
steps are interdependent, and maximizing a single characteristic 
does not significantly improve the overall performance. In most 
cases, the optimization among variables such as performance, cost, 
and reliability involves serious trade-offs. Therefore, developing 
a device with commodity value and competitiveness is a process 
that takes substantial time and is costly. A powerful tool to 
significantly increase efficiency of such research and development is 
computational simulations that enable analysis, understanding, and 
prediction and thus lead to the design and optimization of a device 
through suitable computational modeling. The central issue we aim 
to cover in this book is such computational simulations specifically 
used for electrochemical devices.
 Computational modeling and simulation has been well recognized 
as a useful means of understanding phenomena. After confirming that 
the method and model of choice sufficiently reproduce experimental 
results, deep physical insights can be gained by analyzing the output 
quantities that the simulation can access. Taking this procedure 
further, a systematic study by changing materials, input parameters, 
and environmental factors gives an opportunity for more efficient 
optimization and improvement of the device than can be gained by 
only performing experiments. This so-called computational design is 
enabled by the rapid development of computers and computational 
algorithms in recent years, and already many successful examples 
can be seen in literature.

Preface
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 Among computational simulations, the first-principles 
calculation based on the density functional theory (DFT), where 
only atomic arrangement is required as an input to predict the 
physical properties and stability of arbitrary crystals and molecules, 
has been recognized as an accurate and robust tool for materials 
design. However, even with the current technology, the scale that 
can be handled by the first-principles calculation is typically within 
1000 atoms or a few nanometers and the timescale is limited to 
approximately 100 ps. When dealing with actual materials, it is often 
required to simulate microscale texture and diffusion phenomena 
in more than nanosecond time span. Several techniques have 
been proposed to enable simulation on a large scale, for example, 
force-field molecular dynamics, which simulates atomic-level 
dynamics with approximate force-field potential; coarse-grained 
modeling, which can handle a polymer or protein by coarsening it; 
and phase-field modeling and finite-element methods, which treat 
material structure as a continuum to simulate thermodynamics and 
multiphysics quantities.
 The packaging or linkage of these different time and space 
simulations is called multiscale simulation. When designing a whole 
device, it is important to predict the macroscopic behavior that can 
be observed in experiments and often appears as the performance 
and reliability of the device. On the other hand, dominant factors 
attributed to such a macroscopic behavior often originate in 
microscopic properties. This is a situation in which there is a 
substantial need for multiscale simulation. In practice, however, it 
is not easy to transfer inputs and outputs between different scales 
of simulations to predict multiscale physical properties because 
each simulation is governed by physical and chemical equations 
in their approximated forms valid only for the space and timescale 
of the simulated object. Therefore, one should take careful steps, 
understanding the limits and precision of the equations, to set an 
appropriate model for each simulation using data from the prior 
steps. The multiscale simulation then should be a powerful tool for 
comprehensively understanding and solving the problem.
 In this book, we examine a variety of electrochemical devices 
related to energy and environmental issues. The authors have been 
involved in the development of actual energy devices and materials 
in the industry for many years. In each chapter, after reviewing 
the calculation methods commonly used in the field, we focus 
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on a specific computational approach that is applied to a realistic 
problem crucial for the improvement of the device. We introduce 
the simulation technique not only as an analysis tool to explain 
experimental results but also as a design tool in the scale of interest. 
At the end of each chapter, a future perspective is added as a guide 
for the extension of research.
 The computational approach and the device application for 
each chapter is listed as follows: in Chapter 1, DFT calculations are 
employed for materials design of hydrogen storage; in Chapter 2, 
DFT with a global reaction route mapping method is employed to 
understand electrochemical reactions of electrolytes in a Li-ion 
battery; in Chapter 3, DFT is extended to treat the electrochemical 
interface often appearing in fuel cells; in Chapter 4, DFT and 
nonadiabatic molecular dynamics are employed to understand 
key factors in artificial photosynthesis; in Chapter 5, a hybrid 
quantum-classical simulation is employed to treat a large-scale 
atomistic simulation in a Li-ion battery; in Chapter 6, force-field 
molecular dynamics and coarse-grained simulation are employed 
to understand dynamical behavior in the polymer electrolyte 
membranes of a fuel cell; in Chapter 7, the phase-field model is 
employed to understand structural and thermodynamical behaviors 
in microstructures of electrode materials; in Chapter 8, thermal 
abuse modeling is employed for the device simulation of a Li-ion 
battery; and in Chapter 9, macrohomogeneous device modeling is 
employed to understand the performance loss accompanying the 
catalyst loading reduction needed in commercializing a fuel cell.
 It is not possible to encompass a wide range of simulation 
techniques, and that is not the purpose of this book. Instead, we 
emphasize the selection and construction of methods to create 
essential physical models and link them to tackle complex real 
problems. If this book is useful in guiding not only researchers 
working now on energy materials and devices but also students 
and learners who are about to work on them, it would be our great 
pleasure.
 We appreciate the staff in the editorial office of Jenny Stanford 
Publishing, who gave us this opportunity and patiently helped us to 
realize this book. In addition, we thank our collaborators in Toyota 
Central R&D Laboratories, Inc., Toyota Motor Corporation, Tohoku 
University, Nagoya Institute of Technology, and University at Buffalo 
SUNY, who have worked together with us in devices and materials 
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development for years and contributed considerable scientific and 
technological achievements, which are in part introduced in this 
book. We would like to give special thanks to Atsuo Fukumoto and 
Shi-Aki Hyodo, who initiated computational methods as leaders 
in the TCRDL. Finally, I would like to express my gratitude toward 
Arthur J. Freeman, who believed in the power of theory and has 
guided me as a mentor.

Ryoji Asahi
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