Multiscale and hierarchical reaction
mechanism in a lithium-ion battery ©

Cite as: Chem. Phys. Rev. 3, 011305 (2022); https://doi.org/10.1063/5.0062329
Submitted: 04 July 2021 - Accepted: 30 December 2021 - Published Online: 02 February 2022

) Yuki Orikasa, ' Kentaro Yamamoto, ") Takeshi Shimizu, et al.

COLLECTIONS

G This paper was selected as Featured

) ) S @

View Online Export Citation CrossMark

an N

o
Q
7
>
£
o B
©
9
=
0
£
O

Reviews

ARTICLES YOU MAY BE INTERESTED IN

Fundamentals of metal oxide/oxyfluoride electrodes for Li-/Na-ion batteries
Chemical Physics Reviews 2, 041306 (2021); https://doi.org/10.1063/5.0052741

Perspectives for next generation lithium-ion battery cathode materials
APL Materials 9, 109201 (2021); https://doi.org/10.1063/5.0051092

Machine learning on neutron and x-ray scattering and spectroscopies
Chemical Physics Reviews 2, 031301 (2021); https://doi.org/10.1063/5.0049111

Learn More
The Journal

of Chemical Physics /Special Topics Open for Submissions

AIP
/4 Publishing

Chem. Phys. Rev. 3, 011305 (2022); https://doi.org/10.1063/5.0062329 3, 011305

© 2022 Authorf(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1829481&setID=480984&channelID=0&CID=668198&banID=520703476&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7775dafd7b42ffc209b8f4b7aacde0ce173b7424&location=
https://doi.org/10.1063/5.0062329
https://aip.scitation.org/topic/collections/featured?SeriesKey=cpr
https://doi.org/10.1063/5.0062329
https://orcid.org/0000-0002-9869-9520
https://aip.scitation.org/author/Orikasa%2C+Yuki
https://orcid.org/0000-0002-8739-4246
https://aip.scitation.org/author/Yamamoto%2C+Kentaro
https://orcid.org/0000-0003-3817-7154
https://aip.scitation.org/author/Shimizu%2C+Takeshi
https://aip.scitation.org/topic/collections/featured?SeriesKey=cpr
https://doi.org/10.1063/5.0062329
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0062329
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0062329&domain=aip.scitation.org&date_stamp=2022-02-02
https://aip.scitation.org/doi/10.1063/5.0052741
https://doi.org/10.1063/5.0052741
https://aip.scitation.org/doi/10.1063/5.0051092
https://doi.org/10.1063/5.0051092
https://aip.scitation.org/doi/10.1063/5.0049111
https://doi.org/10.1063/5.0049111

Chemical Physics Reviews REVIEW scitation.org/journal/cpr

Multiscale and hierarchical reaction mechanism
in a lithium-ion battery @

Cite as: Chem. Phys. Rev. 3, 011305 (2022); doi: 10.1063/5.0062329 @ 1. @
Submitted: 4 July 2021 - Accepted: 30 December 2021 - O
Published online: 2 February 2022 View Online Export Citatior CrossMark

Yuki Orikasa,"? (%) Kentaro Yamamoto,” () Takeshi Shimizu,' (?) and Yoshiharu Uchimoto?

AFFILIATIONS

'Department of Applied Chemistry, College of Life Sciences, Ritsumeikan University, 1-1-1 Noji Higashi, Kusatsu,
Shiga 525-8577, Japan

“Graduate School of Human and Environmental Studies, Kyoto University, Yoshida-nihonmatsucho, Sakyo-ku,
Kyoto 606-8501, Japan

@ Author to whom correspondence should be addressed: orikasa@fc.ritsumei.ac.jp

ABSTRACT

The key to improving the performance of lithium-ion batteries is to precisely elucidate the temporal and spatial hierarchical structure of
the battery. Lithium-ion batteries consist of cathodes and anodes and a separator containing an electrolyte. The cathodes and anodes of
lithium-ion batteries are made of a composite material consisting of an active material, a conductive material, and a binder to form a
complex three-dimensional structure. The reaction proceeds as lithium ions are repeatedly inserted into and removed from the active
material. Therefore, the lattice of the active material is restructured due to ion diffusion, which results in phase change. At the active
material-electrolyte interface, the insertion and de-insertion of lithium ions proceed with the charge transfer reaction. The charge-
discharge reaction of a lithium-ion battery is a nonequilibrium state due to the interplay of multiple phenomena. Analysis after disas-
sembling a battery, which is performed in conventional battery research, does not provide an accurate understanding of the dominant
factors of the reaction rate and the degradation mechanism, in some cases. This review introduces the results of research on the temporal
and spatial hierarchical structure of lithium-ion batteries, focusing on operando measurements taken during charge-discharge reactions.
Chapter 1 provides an overview of the hierarchical reaction mechanism of lithium-ion batteries. Chapter 2 introduces the operando
measurement technique, which is useful for analysis. Chapter 3 describes the reaction at the electrode-electrolyte interface, which is the
reaction field, and Chapter 4 discusses the nonequilibrium structural change caused by the two-phase reaction in the active material.
Chapter 5 introduces the study of the unique reaction heterogeneity of a composite electrode, which enables practical energy storage.
Understanding the hierarchical reaction mechanism will provide useful information for the design of lithium-ion batteries and
next-generation batteries.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062329
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exhibiting higher performances, such as high energy density, durabil-
ity, and safety, it is necessary to understand the hierarchical multiscale
reaction that progresses sequentially in the device with respect to space
and time. Since multiple reactions are intertwined in a nonequilibrium
state in a lithium-ion battery, understanding the overall reaction
mechanism leads to an accurate grasp of the factor governing the reac-
tion kinetics and degradation mechanism.

A lithium-ion battery is an energy storage system in which lith-
ium ions shuttle electrolytes between a cathode and an anode via a
separator (Fig. 1). Chemical energy is stored by utilizing the redox
reaction of electrode active materials, which involves the charge trans-
fer between lithium ions and electrons at the electrode-electrolyte
interface. Regarding the discharge reaction, lithium ions are removed
from anodes by an oxidation reaction, and the lithium ions are trans-
ferred to the cathode side via the electrolyte. Additionally, electrons
formed by the oxidation reaction of the anode also pass through the
external circuit to the cathode. On the cathode side, a reduction reac-
tion of active materials is caused by electrons and transferred lithium
ions, which are inserted into active materials. In this way, the chemical
energy can be converted into electrical energy during discharge. When
charging, by connecting a power source to an external circuit, a reac-
tion opposite to that at the time of discharge, that is, an oxidation reac-
tion, occurs at the cathode, and a reduction reaction occurs at the
anode. Lithium ions are transferred from the cathode to the anode;
thus, electrical energy can be converted into chemical energy and
stored in the battery.

At present, in a commonly used lithium-ion battery, lithium
transition-metal oxide such as LiCoO, is mainly used as a cathode
active material,” and graphite is mainly used as an anode active mate-
rial.” The chemical reaction formula at the time of charging these
active materials is shown below

LiCoO, — Li;_,CoO, + xLi" 4 xe™, (1)
6C + xLi" + xe~ — Li,Cs. (2)

Anode Electrolyte Cathode

REVIEW scitation.org/journal/cpr

Although the above is the most basic chemical reaction proceed-
ing in a cell, it is necessary to store a large amount of charge to use it
as an actual device. Therefore, in commercialized lithium-ion batteries,
the chemical reactions become complicated, and there are many fac-
tors affecting their performance. Figure 2 shows the reaction caused in
lithium-ion batteries. The horizontal axis is represented by classifying
the space scale, and the vertical axis is represented by the time scale for
the reaction. The chemical reaction of the active material described
above occurs at the interface where the electrode active material and
electrolyte contact each other. At the electrode-electrolyte interface,
which is the reaction starting point, the insertion and removal of lith-
ium ions proceed with the desolvation reaction and charge transfer
reaction, respectively. It is estimated that the region where the reaction
proceeds is extremely narrow, in the range of several nanometers, and
the reaction time is also extremely fast.””

At the electrode-electrolyte interface, desolvated lithium ions are
inserted into the active material. In the cathode active material, lithium
ions are inserted when the material is discharged and are removed
when charged. In the active material, the rearrangement of the lattice
by ion diffusion occurs, and the crystal phase changes with this reac-
tion. The dimension of the reaction, which corresponds to the particle
size of the active material, is often several micrometers, and the reac-
tion time in one particle is estimated to be approximately a few sec-
onds from the reported diffusion coefficients.”'’

Many active materials need to be packed into one electrode sheet
to incorporate the amount of charge that can be used for a long time
in our daily life. Therefore, a composite electrode is used in which
active materials, binder, and a conductive agent are mixed and pasted
on current collectors. The thickness of this electrode is approximately
100 um."" When the charge-discharge reaction occurs, the reaction
time is generally on the hour scale, depending on the conditions. The
produced lithium-ion battery is located on the upper right of a large
spatial and timescale and is incorporated into a sealed container by
laminating a sheet consisting of a cathode, an anode and a separator

Discharge
—

Electrolyte Cathode

FIG. 1. Schematics of a lithium-ion battery. The cathode is transition metal oxide, the anode is graphite, and the electrolyte is a liquid of lithium salt dissolved in organic solvent.
During charge, lithium is deinserted from the cathode and transferred to the anode through electrolyte, and at the same time, electrons are transferred in the external circuit by
using the energy of the external power supply. During discharging reaction, electrons move in the opposite direction to extract energy, and lithium is deinserted from the anode

and moves to the cathode.
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FIG. 2. Schematic diagram showing the
spatial and temporal scales of the reaction
in a lithium-ion battery. The representative
techniques to analyze the reaction are
also provided.
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(including an electrolyte). The size of the 18 650 cell is 18 mm in diam-
eter and 65 mm in length.

The size of lithium-ion batteries is on the order of centimeters at
the pack level, and the charge-discharge reaction proceeds on the
minute scale. On the other hand, the reaction proceeds on the order of
several nanometers at the electrode-electrolyte interface. The timescale
of the reaction also varies from minutes to milliseconds. The charge-
discharge reaction requires the reaction to proceed on all scales, and
when the reaction rate is disturbed in a certain part, that part becomes
a rate-limiting process. Therefore, depending on the respective reac-
tion scales, understanding the characteristic physicochemical reaction
and elucidating the governing factor are key points in improving per-
formance. However, it is difficult to elucidate all of the above hierar-
chical structures because lithium-ion batteries are not easy to visualize
in sealed structures without cell disassembly. Furthermore, when the
charge—discharge reaction is cycled, the labyrinth of the reaction pro-
cesses is repeated. Such a nonequilibrium reaction makes it more diffi-
cult to grasp the phenomenon. Previous analyses have used
disassembled battery cells in conventional battery research. The appli-
cation of an in situ measuring method without disassembly and an
operando measuring method in the battery-operating state is required
because the factor governing the reaction rate and the degradation
mechanism cannot be clearly grasped. By utilizing the strong transmit-
tance of synchrotron radiation x rays, which exhibit high temporal
and spatial resolutions, the temporal and spatial hierarchical structure
of lithium-ion batteries can be measured in situ as the battery reaction
proceeds. In this review, we focus on elucidating the hierarchical
reaction mechanism of lithium-ion batteries using synchrotron x-ray
analysis and explain the reaction mechanisms that greatly affect per-
formance in regard to their respective scales.

Many techniques use synchrotron radiation x rays to measure
lithium-ion batteries.'” Table I shows the list of synchrotron-based
analysis techniques and their advantages. Typical methods covered in

102

this review are x-ray absorption spectroscopy (XAS) and x-ray absorp-
tion fine structure (XAFS) analysis. By irradiating materials with an
x ray and measuring the absorbance of x rays and/or x rays and elec-
trons emitted from materials, electronic and structural information on
the inside of the substance can be obtained. For example, when a
material is irradiated by changing the energy of monochromatic x
rays, a steep x-ray absorption phenomenon called an absorption
edge is observed at a specific energy corresponding to contained
atoms. In this phenomenon, electrons at the core level are excited
by x rays and are transferred to vacant orbitals and/or energy bands
beyond the Fermi level. By analyzing this absorption edge, which is
called the XAFS, information on the electronic state of the absorb-
ing atom and the coordination structure around the absorbing
atom can be obtained. In particular, the spectrum near the absorp-
tion edge is called the x-ray absorption near edge structure
(XANES), whereas the spectrum showing oscillations due to inter-
ference is called the broad x-ray absorption fine structure (EXAFS),
which, compared to the absorption edge, is observed in the high-
energy region of approximately 1keV. From the former, knowledge
on the electronic state of the absorbed atom can be obtained, and
from the latter, information on the coordination structure around
the absorbed atom can be drawn."”

Other typical techniques are x-ray diffraction (XRD) and x-ray
scattering methods. After interacting with atoms and molecules, x rays
diffract and scatter. The diffraction and scattering information provide
clues about the structure of the material. Because x-ray diffraction and
scattering methods are not limited by the energy of the absorption
edge, it is possible to use high-energy x rays; for example, when using
a high-energy x ray, such as 100 keV x rays, it is also possible to see the
internal structure of a large-scale lithium-ion battery cell for automo-
tive applications. Using imaging techniques detecting transmitted
X rays to obtain information on the macroscopic structure of a cell has
also recently become popular."*

Chem. Phys. Rev. 3, 011305 (2022); doi: 10.1063/5.0062329
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TABLE . List of synchrotron-based analysis technique with provided information, advantages and corresponding laboratory-based techniques.

Synchrotron-based technique Provided information

Advantage Laboratory-based technique

X-ray absorption (XAS) Electronic and local structure

X-ray photoelectron (XPS) Electronic structure

Electronic structure
Crystal structure

Compton scattering
X-ray diffraction (XRD)

X-ray scattering

X-ray reflectivity Morphology
X-ray microscopy Morphology
X-ray computed tomography Morphology

(x-ray CT)

No use in lab / Operando
High resolution / Quick measurement

Chemical structure / Morphology High resolution / Quick measurement
High resolution / Quick measurement

Operando / High resolution

Infrared spectroscopy / Raman
scattering / Lab. XPS

High energy

No use in lab. / High energy
High resolution / Quick measurement

Lab XRD / Nuclear magnetic
resonance
Lab x-ray scattering
Lab x-ray reflectivity
Scanning electron microscopy
Transmission electron microscopy /
Atomic force microscope / Lab. CT

Energy scan

Il. METHOD FOR OPERANDO X-RAY MEASUREMENT
DURING CHARGE-DISCHARGE

This section explains the operando XAS setup using a laminated-
type battery cell to obtain XAFS results during the operation of a
lithium-ion battery. Figure 3(a) is an example of an Al laminate cell
used in operando XAS at 6000 eV or higher, where the absorption of x
rays by automorphic air is relatively low."” It is possible to apply a cell
design similar to that used in the laboratory. To obtain high-quality
data, it is considered that impurities in the components do not inter-
fere with the acquisition of desired data. In some cases, the absorption
of aluminum and copper current collectors becomes large, resulting in
difficult measurements. The cell should be fixed with a jig, as shown in
Fig. 3(b). The cell is placed between the ion chambers of the detector,
and the electrochemical equipment is connected. Operando measure-
ment becomes possible by simultaneously carrying out both charge-
discharge and XAFS measurements. To precisely control the time
scale, we should synchronize the x-ray optics system and electrochem-
ical measurement system by a trigger signal.

Representative data from a laminate cell using LiFePOy, as a cath-
ode active material and Li metal as an anode is introduced. The Fe K-
edge XAFS is continuously measured in the transmission mode during
1C charging, as shown in Fig. 3(c)." It takes 30 s to acquire one spec-
trum (in principle, the measurement technique speeds up the mea-
surement time from milliseconds to picoseconds).'” As the charge
reaction proceeds, the absorption edge energy shifts to the higher
energy side. In general, regarding the XANES results of a transition
metal K-edge, an increased oxidation number results in a high energy
shift.'® This is because the decreased number of electrons decreases
the level of the 1s orbital and the energy required for excitation
increases. Therefore, K-edge XANES results can be used to indicate
the valence state of the redox center. Edge shifting to high energy is
observed because the charge reaction increases the amount of Fe**-
containing FePO,."” In addition, isosbestic points are found at approx-
imately 7126 and 7155 eV. This means that the XANES spectra can be
represented by two elements. By using the XANES spectra of LiFePO,
and FePO,, the XANES spectrum of the charging process can be
reproduced by the addition of both, which indicates the two-phase
reaction in this charge reaction, and the ratio of the two phases can be
calculated. The ratio of the two phases obtained in Fig. 3(d) is shown.

The value (plotted) calculated from the XANES results agrees with the
two-phase ratio (dotted line) estimated from the charge capacity. This
indicates that the movement of electrons is derived from the current,
as shown in Eq. (3), and the valence change of Fe in the active material
corresponds to a 1:1 ratio based on Faraday’s law, showing that the
reaction of both proceeds immediately on the second scale'*"”

LiFePO,4(Fe**) — FePO,(Fet) + Lit + e . (3)

Many groups have reported performing similar types of experiments
using LiFePO, to obtain the two-phase ratio.”” ** In some cases, the
XANES results do not coincide with the two-phase ratio estimated
from the charge-discharge capacity. Thus, the valence change in the
active material may be delayed with respect to the current. However,
due to the reaction inhomogeneity of the cell itself, there is also a pos-
sibility of a phenomenon occurring due to a delay in the reaction of
the x-ray irradiated region. In recent years, many analyses have been
conducted to investigate the inhomogeneous reaction in battery cells,
particularly in LiFePO,.””*" In carrying out operando measurements,
it is necessary to interpret the measurement results considering the
possibility that such an inhomogeneous reaction occurs. In situ
XANES of LiFePO, during chemical delithiation also indicates the
quick response for electronic structure change.”” The above-
mentioned operando XAS technique is easy to perform if only x rays
are transmitted. Similarly, if x-ray diffraction from the sample is
detected, operando x-ray diffraction measurements are also conducted.
Operando cells have been reported for battery research,”’ and the use
of this method for analyzing electronic, local, and crystallographic
structures during the charge-discharge process is becoming a conve-
nient tool.

In the case of the 3d transition-metal oxides, the charge neutral
condition after insertion and de-insertion of lithium ions seems to be
maintained by the redox reaction of the transition metal. Actual elec-
tron transfer is contributed by the hybridized 3d orbital of the transi-
tion metal and 2p orbital of oxygen.” To realize more redox reactions,
XANES of the transition-metal L-edge and oxygen K-edge, which can
directly show these electronic structures near the Fermi level, have
been discussed.”®

We introduce one typical active material, LiINiO,. When the
charge reaction proceeds, the Ni K-edge XANES is shifted toward high

Chem. Phys. Rev. 3, 011305 (2022); doi: 10.1063/5.0062329
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FIG. 3. Cells and representative data of operando x-ray absorption spectroscopy. (a) Cell configuration of an aluminum laminate cell for operando x-ray measurements. The
same area of the LiFePO, composite electrode and lithium counter electrode is utilized. If necessary, the lithium reference electrode can be placed between the two separators.
These components are sealed by an aluminum-laminated film. (b) During operando x-ray measurements, the cell is fixed by using two beryllium sheets to equally press the
electrode. X rays can pass through the beryllium window. Reprinted with permission from Orikasa et al., J. Electrochem. Soc. 160, A3061-A3065 (2013). Copyright 2013 IOP
Publishing.'® (c) Fe K-edge operando XANES spectrum during 1C charging and (d) the two-phase ratio of LiFePO, and FePO, from XANES (plotted) and current (dashed
line). The charging reaction of LiFePO, involves the oxidation reaction of iron. Since it is a two-phase reaction, the component ratios can be calculated by using the spectra of
LiFePO, and FePO,. Reprinted with permission from Orikasa et al., Chem. Mater. 25, 1032-1039 (2013). Copyright 2013 American Chemical Society.®

energy, as shown in Fig. 4(a).”” This is similar to LiFePO, discussed
above and is described in terms of Ni oxidation. However, this phe-
nomenon is due to the change in the 1s orbital, and there is little infor-
mation about the electron transfer in the outermost shell. XANES
spectra of Ni L- and O K-edges are shown in Figs. 4(b) and 4(c),
although the data are measured in ex situ conditions after charging.”®
While the Ni L-edge spectrum is unchanged at the early stage of charg-
ing, the change in the peak intensity at the O K-edge is large. The peak
at 533 eV originating from the hybridization of Ni 3d and O 2p orbi-
tals is reduced, and the peak at 528 eV originating from hole formation
in O 2p orbitals is greatly increased. The results indicate that the redox
reaction of nickel (change in the oxidation number of Ni) alters the
electronic structure change of the hybridized orbital of nickel and
oxygen to maintain charge-neutral conditions.

Recently, cathode materials with a high capacity using anion
redox have been devised, and interesting charge-discharge properties
have been reported in which only valence changes of transition metals
cannot be explained.”” ™ It is important to clarify the electronic

structure changes of active materials, especially the electronic structure
change of anions such as oxide ions, for the material design of next-
generation high-capacity cathode materials.”*** Oishi et al. performed
an electronic structure analysis of Li,MnO; and Li-excess layer oxides
using XANES in the soft x-ray range, showing that an oxide ion con-
tributes to charge compensation at high potential.”* ** Yabuuchi ef al.
used the O K-edge XANES to investigate the “superoxide states” of
cathode materials Li; 3Nby 3Mng 40, and Li; ,Ti 4Mng 4O,, which dif-
fer from conventional materials in their charge process.”””” These
XAS measurements were performed using samples after cell disassem-
bly and washing without air exposure. The redox reaction of oxide
ions occurs mainly on the high potential side during the charge-
discharge process in a nonequilibrium state. Therefore, operando mea-
surements performed under actual cell-operating conditions while
irradiating x rays are useful for elucidating the reaction mechanisms.
Compared to the hard x-ray region measurable in the atmo-
sphere, in the soft x-ray region of 3000 eV or less, the measurement
environment is largely constrained, and it is difficult to directly apply
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et al., J. Power Sources 97-98, 326-327 (2001). Copyright 2001 Elsevier.”* Experimental setup for operando XAS measurement (d) in the high-vacuum sample chamber and
(e) schematic top view. A window through which soft x rays are transmitted is attached to a sealed cell that can be operated in a vacuum chamber, and x rays are incident
from the collector side to detect fluorescent x rays. Reprinted with permission from Nakanishi et al., Rev. Sci. Instrum. 85, 084103 (2014). Copyright 2014 American Institute of
Publishing.”’ (f) Operando O K-edge XANES spectra of Li; »TipsMno40,. The peak at 530.7 eV is increased by charging. The operando soft x-ray absorption spectroscopy
can clarify the contribution of anion redox by charging reaction. Reprinted with permission from Yamamoto et al., Chem. Mater. 32, 139-147 (2020). Copyright 2020 American

Chemical Society.”’

the cell as described above. In particular, no liquid electrolyte is avail-
able for measurement in a vacuum chamber. For this reason, a unique
cell structure has been proposed in which cell components are sepa-
rated between a vacuum and an atmospheric environment by using a
window material through which x rays penetrate.”” As shown in
Figs. 4(d) and 4(e), the electrode-coated window and the electrolyte
are placed in a sealable cell, which is brought into a vacuum chamber
and irradiated with x rays through the window to detect fluorescence x
rays. Using a SIN window enables the measurement of the O K-edge
XANES spectrum of the electrode material during the charge—
discharge reaction.

O K-edge XANES spectra of Li; , Tip4Mng 4O, during the ini-
tial charge process are shown in Fig. 4(f).*" The pre-edge peak shifted
toward lower energy in the initial stage of charging (x < 0.38), after
which a new peak appeared at 530.7 eV (x > 0.38). Because Mn L-edge

XANES spectra show no change during the middle and later stages of
charging (x > 0.38), the change in the O K-edge XANES is attributed
to the rehybridization of the 3d-2p orbitals of the Mn-O bond with the
oxidation of Mn (x < 0.38), and the change after x =0.38 is attributed
to the charge compensation with oxide ions. The electronic structure
between the transition metal and oxygen is a key point for the charge-
compensation mechanism, and material design using oxygen redox is
required while suppressing the release of oxygen gas."'

Although the electronic structure of active materials can be mea-
sured by photoelectron spectroscopy, operando measurement is diffi-
cult because it is a surface analysis performed under vacuum. The
x-ray Compton scattering method measures the energy distribution
that decreases when x-ray photons are scattered by electrons in a sam-
ple, reflecting the electron momentum of the sample and thus giving
information on the electronic state.”” Figure 5 shows the Compton
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FIG. 5. Detection of charge compensation using oxygen 2p orbital by x-ray Compton scattering. (a) Compton profile difference corresponding to the difference in profiles of
LixTip.4Mng 40, (LTMO) for lithium concentrations (x) of 0.8 and 0.4. (b) Map of the anionic redox orbitals in LTMO with concentrations between x = 0.8 and x = 0.4. These fig-
ures show that when the lithium concentration of LTMO is changed, the change in Compton profile mainly originates from the oxygen 2p orbital, and indicate the dominant con-
tribution of the anion redox. Reprinted with permission from Hafiz et al., Nature 594, 213-216 (2021). Copyright 2021 Springer Nature.**

scattering result of delithiated Li;, ,Tip4Mn, 4O, and compares it
with the first-principles computations, which reveal the charge-
compensation contribution. The shape of Compton scattering is simi-
lar to that of oxygen 2p, revealing the dominant contribution of the
oxygen orbital.”’ The use of high-energy x rays is advantageous for the
operando measurement of lithium-ion batteries.**

I1l. ELECTRODE-ELECTROLYTE INTERFACE

The origin of the overall reaction for lithium-ion batteries is
charge transfer at the electrode-electrolyte interface. At the interface,
due to the difference between the potential of the electrode and elec-
trolyte, an electric double layer with a potential gradient is formed on
the electrolyte side.”” This electric double layer serves as a reaction
field, where the migration and desolvation of ions proceed, followed
by the change in the crystal structure of active materials.”” On the
other hand, even on the electrode side, a complex space charge layer is
formed due to the potential difference.*” In addition, the solid electro-
lyte interphase (SEI) produced by the decomposition of electrolytes
further complicates the situation.””** Analysis of the electrode-
electrolyte interface is important in the development of lithium-ion
batteries. Although AC impedance by electrochemistry is a simple and
powerful tool to analyze phenomena at the electrode-electrolyte inter-
face,” it is a numerical analysis of current and potential information
and lacks information on the physicochemical structure at the inter-
face. Therefore, the development of a technique that can directly
observe the electrode-electrolyte interface is desired.

To clarify the interfacial phenomena, many studies on the surface
of active materials have been carried out via ex situ methods. Regarding
electrode active materials, surface effects on their charge-discharge
properties can be analyzed using nanoparticles smaller than 20 nm.”’ ™
For LiCoO,, excess Li ions exist in the form of Li;, ;Co™sCo™,_;0, at
the surface along the c-direction of the LiCoO, nanoparticles.

Compared with the bulk LiCoO,, the Li1+5CoII5CoIIII_5OZ layer at the
surface shows variations in its charge-discharge properties and elec-
tronic structure. Such a unique surface state includes electronic spin
state transitions™ and surface reactivity to an electrolyte.”” >’ Many
investigations on the SEI of graphite anodes™ ®’ and the cathode-
electrolyte interface (CED®"** have provided a picture of the surface
film, where solvent decomposition forms organic products and salt
decomposition forms inorganic products. These ex situ studies are use-
ful to consider the interfacial phenomena but have not been used to
observe the real interface under battery-operating conditions where
potential bending between the electrode and electrolyte occurs. Hence,
to clarify the interfacial phenomena, it is essential to directly investigate
the interface by operando measurements.

As a technique for operando observation of the electrode-
electrolyte interface, total reflection fluorescence XAS is a powerful
tool. The total reflection fluorescence XAS method is a technique for
detecting fluorescence x rays emitted from a sample surface when the
incident x rays totally reflect on the sample surface.”” In the Co K-
edge XANES energy range for the measurement of LiCoO,, the detec-
tion depth is approximately 2-5nm in the vicinity of the total reflec-
tion critical angle. When comparing the Co K-edge XANES spectra of
the bulk (standard thin-film incident measurement) and surface (mea-
sured at an angle below the critical angle of total reflection) of LiCoO,
thin films in contact with an electrolyte using an operando cell
[Figs. 6(a) and 6(b)], the surface spectrum reflecting the information
near the electrode—-electrolyte interface is greatly changed, even though
the spectrum of the bulk is hardly changed by contact with the electro-
lyte solution.”®

By contacting the electrolyte, Co ions in LiCoO, near the inter-
face are reduced. The electronic structure of Co obtained from the
XANES spectrum of the surface LiCoO, is irreversibly changed, unlike
the spectrum of the bulk at charge potentials of 3.2, 3.8, 4.0, and 4.2V
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chemical potential calculated by density functional theory (DFT). [(d) and (e)] Absorption edge energy of the Co K-edge XANES spectra of the LiCoO, film measured (1): after
soaking, (2): at 3.8V, (3) at 4.2V, and (4) after discharging to 3.8 V. (f) Schematic illustration of the proposed initial degradation reaction at the electrode—electrolyte interface.
Reprinted with permission from Takamatsu e al., Angew. Chem. Int. Ed. 51 11597-11601 (2012). Copyright 2012 Wiley-VCH.*

and discharge potentials of 4.0 and 3.8V [Figs. 6(d) and 6(e)]. This
indicates that the irreversible behavior proceeds from the vicinity of
the electrode—electrolyte interface, even though the bulk LiCoO, shows
fully reversible charge-discharge. As shown in Fig. 6(f), the initial deg-
radation caused by contacting the electrolyte increases during charge
and discharge and expands from the interface to the bulk. This phe-
nomenon is an example of a direct indication that a stable electrode-
electrolyte interface is an important factor for the cycling life of
lithium-ion batteries.”®

The observed phenomena at electrode—electrolyte interfaces are
supported using theoretical studies.”” When the defect structures in the

oxidation and reduction states of LiCoO, are calculated by first-
principles calculations, in the reduction state, divalent CoO more likely
forms due to the introduction of Li defects at Li sites [Fig. 6(c)].°
Because the cathode in contact with the electrolyte is closer to the
reduced state, a reduced CoO-like structure is formed at the interface.
Thermodynamically, this reduced phase should diffuse into the bulk.
However, in actual lithium-ion battery operation, LiCoO, demonstrates
long-term stability because the above-mentioned reduction reaction is
kinetically slow when operating at approximately room temperature.
Synchrotron x-ray reflectometry (XRR) and XRD also provide
knowledge of the reaction at the electrode-electrolyte interface of
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lithium-ion battery systems. Operando XRR using an epitaxial film of charge-discharge process.”” "’ Such surface phenomena and crystal
LiCoO; indicates that a CEI layer forms on the surface of LiCoO, after plain dependency are also detected in LiMn,O, epitaxial thin films, as

soaking in an electrolyte and that the surface roughness of the interca- shown in Fig. 7(a).”" Neutron reflectometry can also be applied, which
lation (110) plane increases with an applied voltage, while no signifi- shows that the surface of LiFePO, is stable during the first charge-
cant changes in surface morphology are observed for the nonactive discharge process.”” Operando XRR and NR have been applied to
(003) intercalation plane during the pristine stage of the investigate the structure of an electrical double layer in an ionic
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face proceeds in the first charge—discharge reaction. These situations differ depending on the crystal plane. Reprinted with permission from Hirayama et al., J. Am. Chem.
Soc. 132, 15268-15276 (2010). Copyright 2010 American Chemical Society.”' Schematic illustration of (b) electron energy level and (c) Li ion energy level of the LiCoO,~DEC
interface after exposure. At the interface where LiCoO, and electrolyte come into contact, band bending of LiCoO, occurs, which may have an effect on the interfacial reaction.
Reprinted with permission from Becker et al., J. Phys. Chem. C 118, 962-967 (2014). Copyright 2014 American Chemical Soqety
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liquid system.”” " Operando surface x-ray diffraction (in situ SXRD)
reveals that structural changes on the surface of LiNiysCoO, epitaxial
films are different from those in the bulk.”® Contact with the electro-
lyte causes abrupt deformation of the surface crystal lattice, followed
by restructuring upon applying a cell voltage.”"”*

The origin of interfacial phenomena is band bending, which has
been mostly analyzed by x-ray photoelectron spectroscopy.”” In the
interfacial structure between a LiCoO, thin film and diethyl carbonate
(DEC),” LiCoO, behaves like a semiconducting electrode and exhibits
band bending. The band bending is attributed to the transfer of lith-
ium ions from the electrode to the adsorbed phase, which is driven by
the difference between the lithium-ion chemical potentials of the elec-
trode and adsorbed layer [Figs. 7(b) and 7(c)]. The valence band of
LiCoO, shifts to a higher binding energy after electrolyte contact, and
the shift is associated with the formation of a CEI layer on the surface
of LiCoO,."!

Regarding the electrolyte side, sum frequency generation vibra-
tional spectroscopy reveals two adsorption modes of propylene car-
bonate molecules with oppositely oriented geometries on the LiCoO,
surface.*” Ethylene carbonate (EC) molecules are preferentially
adsorbed on the LiCoO, surface compared to linear carbonates, such
as diethyl carbonate (DEC) and dimethyl carbonate (DMC).
Moreover, the molecular density of the adsorbed EC on LiCoO, is
almost 20 times higher than that of DMC in 0.5 M LiCIO,/EC:DEC
(1:1 v/v%), which is far from that in the bulk solution.”

The above-mentioned surface phenomena are one of the factors
causing degradation in cathodes. To improve the cycling life, the effects
of a surface coating and electrolyte additives have been widely
reported.” *° The oxide coating prevents direct contact between the
active material of a cathode and an electrolyte solution, thereby suppress-
ing the dissolution of Co™ from a Li,CoO, cathode into an electrolyte
solution.”” The coating stabilizes the defective crystal structure by insert-
ing the solid solution of Mg®" in MgO into the Li,O layer of LiCoO,."
According to the operando total reflection fluorescence XANES analysis
of the model interface with a MgO surface coating on a LiCoO, thin film
electrode, the interfacial layer formed by contact with the electrolyte solu-
tion observed with bare LiCoO, does not form at the interface of MgO-
coated LiCo0,.**" To observe the local structure change at the LiCoO,
surface, depth-resolved XAS was carried out, showing that the formation
of a solid-solution layer stabilizes the LiCoO, surface.”” Mg ions diffuse
into LiCoO,, and Co ijons are reduced to balance the charge. When
Mg2+ occupies a Li site, Li; sMgsCo(Il)sCo(III); _ 5O, is formed, and
Co(1I) is increased based on the amount of Mg2+ in the substituted solid
solution. This solid—solution phase has lithium-ion conductivity and acts
as pillars. The crystal structure of the interface is stable, even after lithium
is removed at a high potential, thereby contributing to the improvement
in charge-discharge characteristics. It has been confirmed that initial sur-
face reduction is suppressed by the ZrO, coating”' and vinylene carbon-
ate additive in the same manner.”” In addition, it has been observed that
reduction by immersion in an electrolyte solution does not occur in
LiFePO, (Ref. 93) or the high-potential spinel LiNiysMn, ;04" These
stabilization mechanisms are shown in Fig. 8. Moreover, regarding the
study of aqueous electrolytes, the contribution of the interface is impor-
tant, and the mechanism described above is utilized to design the stable
interface.”” The analysis of such electrode—electrolyte interfaces has been
applied to the solid-solid interfaces of all solid-state batteries,”” and this
research will be accelerated further in the future.

scitation.org/journal/cpr

In all-solid-state batteries, the phenomena of the electrode-
electrolyte interphase are assumed to be different. Takada et al. found
that a large resistance existed at the solid-state junction between the
electrolyte and electrode.”””” They stated that the resistance was attrib-
uted to the presence of space-charge layers at the solid-state junction
interface. For example, when the interface between LiCoO, cathode
and sulfide solid electrolyte is prepared, a heterointerface in which a
large space charge layer is formed on the electrolyte side. When solid-
state interfaces with different chemical potentials for lithium ions are
formed, the lithium ions will migrate to the lower LiCoO, of their
potentials. At this time, a large space-charge layer region is formed on
the electrolyte side, causing a concentration gradient of lithium ions.
On the electrolyte side, the material composition changes from a
decrease in lithium concentration, resulting in a deviation from an
optimum composition that gives a maximum ionic conductivity. The
electrode/electrolyte interface as a large interfacial resistance compo-
nent is a factor that prevents charge transfer reaction. When an oxide
is introduced as a buffer layer, a space-charge layer is formed between
solid electrolytes having no electron conduction, but the solid electro-
lyte does not develop enough to be deficient in lithium ions. In other
words, it acts as a buffer layer against the formation of the space-
charge layer developed by adding this oxide solid electrolyte layer, so
that LiCoO, and the sulfide solid electrolyte can be connected without
a high-resistance component. Based on this concept, active materials
coated by LiNbOj; are widely used in all-solid-state batteries using
sulfide solid electrolytes.””' "’ While the high resistance at the inter-
face is interpreted as the above effect without formation of decom-
posed product, the first-principles calculation shows that the narrow
potential window of the solid electrolyte leads to the formation of a
high-resistance layer at the interface of the solid electrode/solid elec-
trolyte.”"'"* Sakuda et al. observed the reactant layers formed at the
interface of LiCoO,/Li,S-P,Ss after charging.'”” In addition, the
introduction of Li,SiO3 and Li;PO, buffer layers suppresses the for-
mation of interface formation layers and reduces the interfacial
resistance. """

IV. CRYSTAL AND ELECTRONIC STRUCTURE CHANGES
OF ELECTRODE ACTIVE MATERIALS

The reaction at the electrode-electrolyte interface is followed by
lithium-ion insertion and de-insertion from electrode active materials.
Under the operating conditions of lithium-ion batteries, the crystal
structure change of electrode active materials proceeds due to continu-
ous ion diffusion; in particular, at high-rate charge and discharge,
there is a possibility that the phase change behavior is greatly different
from the crystal structure in the equilibrium state. Conventionally, the
analysis of the crystal and electronic structure of active materials has
been performed in the equilibrium state, but information on structural
changes in the nonequilibrium state has not been obtained. This sec-
tion introduces the crystal structure change in the nonequilibrium
state of electrode active materials and the origin of the fast charge-
discharge reaction.

One of the representative active materials is LiFePO,,""” which
exhibits high-rate capability and high safety."”"'"” LiFePOy is sepa-
rated into a Li-rich phase (LFP phase) and Li-poor phase (FP phase)
in the charge-discharge reaction,''’ and the total Li content changes
by changing only the ratio of the two phases. Various models
have been proposed for the phase transition mechanism of the LFP
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“ These suppress the forma-

tion of the reduced electronic structure at the electrode/electrolyte interface as shown in (c).

phase/FP phase when the two phases coexist. When LiFePO, was first
reported as a cathode, Padhi ef al. proposed a shrinking core model in
which the shell formation occurred on the surface of parent crystals
and phase boundaries grew inside the grains while Li insertion pro-
ceeded isotropically, as shown in Fig. 9(a).'”” Srinivasan and Newman
succeeded in explaining the electrochemical profile based on the
shrinking core model.''" This model was developed by considering

the change in Li diffusivity by coherency stress and charge depth at the
matching interface. >

The shrinking core model was widely supported at the beginning
of the report, but one-dimensional Li* diffusion in LiFePO, made the
model questionable.“’*’118 In addition, when nucleation occurs on the
surface of a particle, the boundary area of the two phases becomes
large, which increases the strain energy; therefore, the shrinking core
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model is currently unaccepted. Thus, anisotropic reaction models,
which turn away from the shrinking core model, have been proposed.
Chen et al. obtained TEM images of LiFePO, with chemical delithia-
tion from the b-axis and found that the LFP and FP phases in the
same crystallite were separated by the b-c plane.''* Although the phase
boundary region was disordered without any crystallinity, it was not
completely amorphized, and it was assumed that the two phases coex-
isted while having a composition gradient. Chen proposed a new
anisotropic model in which the phase boundary moved along the a-
axis, while Li diffused along the b-axis from the phase boundary of the
two phases, as shown in Fig. 9(b). Laffont et al. measured Li,FePO,
with a particle size of approximately 150 nm by electron energy-loss
spectrometry (EELS), and the FP phase tended to form at the center of
the grain, while the LFP phase tended to form at the edge of the
grain.'"” Since the volume decreases and becomes unstable due to the
stress received from the grain boundary when the FP phase, with a
smaller unit cell volume, grows at the grain end, it is considered that
the stress caused by the volume shrinkage in nucleus growth can be
alleviated when the FP phase grows inside.'"” These results suggest
that the phase boundaries of the two phases are not solid solutions but
are clearly phase separated and that the phase boundaries anisotropi-
cally migrate in the presence of the FP phase at the center, as shown in
Fig. 9(c). Delmas et al. obtained the XRD patterns of partially delithi-
ated LiFePO, with a particle size of approximately 100 nm and found
that there was no trend in the change in peak width of the diffraction
peaks, indicating no change in the crystallite size.''® Furthermore,
from the TEM observations, a single phase of either the LFP phase or
FP phase was observed in the individual grains. These results suggest
that the nuclear growth rate is overwhelmingly faster than the nucle-
ation rate. Thus, the phase boundary rapidly moves, and the whole
crystal undergoes a phase transition once nucleation occurs, which is
called the domino-cascade model, as shown in Fig. 9(d).

Although phase boundary models have attracted attention as
promising reaction models, other models continue to be proposed.
Meethong et al. performed ex situ XRD and analyzed the Rietveld
results of LiFePO, with particle sizes of 113 and 32nm."*’ The two
phases almost ideally coexist in LiFePO, with a relatively large 113 nm
grain size. On the other hand, 32 nm-LiFePO, with a relatively small
grain size shows that the two-phase morphological fraction deviates
from the ideal line. This deviation is hypothesized to occur due to the
formation of an amorphous phase, that is, not detected by XRD, in
addition to the LFP and FP phases. The distortion energy increases
because the ratio of the phase boundary increases, thereby increasing
the possibility that an amorphic phase forms to suppress the increase
in strain energy.'”’

The first-principles calculation proposes that the strain energy of
phase separation is large, which suppresses nucleation of the new
phase."”” The energies for 245 combinations of Li/vacancies and
electrons/holes show that Li" becomes energetically stable when
aligned in the a-c plane in each composition [Fig. 10(a)]. This is
because the distance between Li sites is the shortest in the b-axis direc-
tion. If the intercalation and extraction of Li* proceeds in such a man-
ner, the phase transition does not occur, and the charge-discharge
process can proceed as a single-phase reaction.

On the other hand, the calculation using a phase-field model
shows that nucleation-growth-type decomposition or spinodal decom-
position occurs when the current density is small in large grains, while
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a solid-solution reaction occurs in whole grains when the current den-
sity is larger than a certain value in nanoparticles [Fig. 10(b)].1#
Linear stability analysis results in a pseudo-solid-solution reaction
above the dashed line in the figure, namely, in the region of high cur-
rent density, and phase separation in the region of low current density,
which is below the dashed line. In the real reaction, the pseudo-
solid-solution reaction region is supposed to spread from the kinetic
problem. Therefore, the pseudo-solid-solution reaction takes place in
the water-colored region above the dotted line based on the mathe-
matical simulation, while phase separation takes place only when the
current density is small.

Some reports show that the spinodal decomposition occurs
rather than the nucleation-growth and phase separation because
nucleation becomes difficult due to a large interfacial energy bar-
rier.'”* '*° Phase field simulation is applied assuming that the Li* dif-
fusion rate in LiFePO, is not too slow,"’’ which proposes that
nucleation-growth and phase separation proceed if the two-phase dis-
tortions are not considered, but the spinodal decomposition occurs
without nucleation considering the distortion. The possibility of nucle-
ation remains due to the relaxation of the strain energy at the surface,
but the nucleation-growth-type phase separation and spinodal decom-
position also proceed in parallel. The proposed models provide added
knowledge of the phase transition mechanism of the LEFP/FP phases in
two-phase reactions. However, the LFP-FP phase transition behavior
of a Li-ion battery during the charge-discharge reaction is unclear.
The reason for this is that most of the models cited thus far infer a
nonequilibrium state from the measurement of the equilibrium state
or from theoretical calculations. It is also important to know how the
phase changes in the actual charge-discharge reaction to guide the
design of electrode materials.

As already described in Fig. 3, the value calculated from the
XANES results (plotted) and the value from the amount of current
(dotted line) show good agreement during the charge reaction of LFP.
Due to the corresponding current value and charge transfer, the charge
transfer and oxidation of Fe occur instantly when lithium is removed.
In situ XANES of LiFePO, during chemical delithiation also indicates
the quick response for electronic structure change.”” On the other
hand, the change in the crystalline phase does not correspond to the
charge transfer amount. Figure 11 shows the operando XRD patterns
obtained during 1C charging of LFP for various particle sizes and volt-
age profiles.'” The peak at approximately 19.15° corresponds to the
(211) and (020) planes of the LFP phase, the peak at approximately
19.5° corresponds to the (211) plane of the FP phase, and the peak at
approximately 19.85° corresponds to the (020) plane of the FP phase.
As the charge reaction proceeds, the peak of the LFP phase decreases,
and the peak of the FP phase increases; thus, the two-phase reaction
proceeds. However, a shift in the peak is observed, especially at 60 nm
for the LFP phase, as shown in Fig. 11(a). This indicates that the lattice
constant of the two phases, that is, the Li content, changes. The lattice
constants and the width at half maximum are discussed on the basis of
the change in peak position and peak width calculated from this mea-
surement result.

The lattice constant change during the 1C charging reaction is
shown in Fig. 12(a).' In this experiment, to eliminate the effect of the
solid-solution phase, pretreatment is performed for charging just
before the voltage plateau. In the LFP phase, a change in the lattice
constant is seen at 60nm for LFP. On the other hand, no lattice
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constant change is observed at 150 and 1000 nm, confirming the dif-
ference according to the particle size. In contrast, the diffraction peak
of the FP phase first appears at a composition of approximately
x=0.9, which is larger than the lattice constant in the equilibrium
state, and then, the decrease in the lattice constant value is observed as
the reaction proceeds. In particular, the lattice constant change in the
initial stage of FP-phase formation is large. A large decrease in this lat-
tice constant is found to have the same tendency for all particle sizes.
As shown in Fig. 12(b), the half-width changes of LFP during the
1C-charging reaction tend to increase greatly, especially at 60 nm. In
the FP phase, a decrease in the half width is seen in all samples. The
tendency of these changes agrees with the lattice constant, gradually
relaxing to the value of the equilibrium state as the half width

decreases. The change in the lattice constant is considered to reflect
the change in the amount of Li in the two phases. The change in the
half width also involves the distortion of the crystals, but the change in
crystal size is mainly reflected.

The lattice parameter changes at the initial stage of new-phase
formation; that is, the Li content change can be explained from the
Gibbs energy diagram of the two-phase system shown in Fig. 12(c). In
the reaction of the LiFePO,/FePO, system, the solid-solution reaction
proceeds because the single-phase state is stable in the compositions of
1-1—a and f to 0. In the 1—u to f compositions, the two-phase reac-
tion occurs by phase separation because the two-phase state is sta-
ble.'"” In the charge reaction (delithiation process), the phase
transition begins at x=1—o in the equilibrium state, and the
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subsequent reaction proceeds in the two-phase state of the LFP phase
with the 1—o composition and the FP phase with the § composition.
However, the actual reaction may start the transition of the phase with
the 1—o/ composition, which is beyond the stable composition
because the nucleation of the FP phase does not occur instantaneously
but is delayed. In that case, if it is the f/ composition, the free energy
curve of the LFP phase crosses the tangent of the free energy curve of
the LFP phase, and the free energy curve of the FP phase crosses into
the 1—o/ composition, thereby generating a gain in energy for the FP
phase. After the FP phase formation, the composition is considered to
lead to a thermodynamically stable § composition. This is also the rea-
son for the largest Li composition change occurring during the forma-
tion of the new phase. In the nonequilibrium state, the kinetic
compositional deviation occurs, resulting in a delay in reaching a sta-
ble composition. This deviation tendency of the Li composition agrees
with the experimental results.'

The phase behavior during charging from the above results is
shown in Fig. 12(d). The results observed in previous ex situ measure-
ments are a process in which no biphasic compositional changes are
seen, as shown at the top of the figure. On the other hand, in the non-
equilibrium state, the phase transition follows a process, as shown at
the bottom. First, the FP phase forms in the grains of the LFP phase.

In the initial stage of formation, the FP phase has more Li content
than the thermodynamically stable composition. As the charge process
progresses, the Li composition approaches the final stable composi-
tion. Such a reaction takes place in multiple grains, and the reaction
proceeds. When the charge process is stopped in the middle of the
reaction, relaxation occurs so that the phase boundary is eliminated
because the phase boundary becomes unstable due to the interfacial
energy fraction remaining in the single grain. Therefore, ex situ deter-
mination captures the condition of the phase at that time.

LiFePO, exhibits superior high-rate charge-discharge capabili-
ties.'” If the charge-discharge reaction of LiFePQ, is a simple two-
phase reaction, as originally said, it is unexpected that it has high-rate
capabilities over a solid-solution reaction system electrode, despite the
need to undergo nucleation, which becomes energetically unfavorable
in the phase transition process; this is one of the properties of LiFePO,
that has not yet been elucidated. Previous modeling'**'*’ has reported
that LiFePO, charging/discharging progresses as a single-phase
response when the overvoltage is high. These models indicate that the
nucleation of the new phase is difficult due to the large mismatch
between the new phase and parent phase at the time of new-phase for-
mation. However, the phase transition behavior is studied only from
the calculation, and direct observation by the experiment has not been
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FIG. 12. Structural parameter change from operando XRD of LiFePO, and phase transition mechanism. (a) Lattice constant change and (b) change in the half-width value cal-
culated from the operando XRD patterns shown in Fig. 11. (c) Relation between the Gibbs energy curve and the phase change in LiFePO,-FePO,. (d6) Phase change model of
LiFePO, to FePO,. Reprinted with permission from Orikasa et al., Chem. Mater. 25, 1032-1039 (2013). Copyright 2013 American Chemical Society.'

performed. High-brightness synchrotron radiation x rays have recently
been used to enable operando XRD during high-speed charging and
discharging.

Operando XRD patterns during 10C charging-discharging and in
the subsequent open-circuit state are shown in Fig. 13(a)."”* The two-
phase changes during charging and discharging, as in the 1C case, are
confirmed, but in this figure, the two-phase peaks and different new-
phase peaks appear between the peaks of the LFP and FP phases as a
phenomenon unique to high-rate charging and discharging. These
new phase peaks do not appear in the first charge process but appear
in the discharge process. As the discharge process progresses, a new
phase at approximately 19.35° grows, and the phase remains, even
when switching to the charge process. Since the new phase disappears
in the relaxation process after the completion of the charge-discharge
reaction, the new phase is not a thermodynamically stable phase but a
metastable phase (hereinafter referred to as an LFP phase) that can be
generated kinetically in a nonequilibrium state. It is known that the
Ly7CoPO, phase appears in addition to the LiCoPO, and CoPO,
phases in the charging/discharging process of a LiCoPO, system.
However, the L, ,CoPO, phase can even be confirmed in the steady
state since it is stable."”” There have been no previous reports on the

occurrence of a metastable phase in the LiFePO, system. Since this
report, many phase change behavior analyses of LiFePO, by time-
resolved measurements have been carried out, as shown in Figs. 13(b)
and 13(c), and the results have proven electrochemically induced
intermediate phase formation during the charging-discharging of
LiFePO,."”"""** The formation of the L FP phase is rate-dependent,
and the diffraction peaks in L FP can be clearly identified as the charge
rates increase. The LyFP peaks are not found in the XRD pattern when
relaxed for more than 24 h in the same composition. The above results
prove that the L,FP phase preferentially grows when the charge—
discharge rate is fast, and it is a metastable phase that cannot be
observed under equilibrium conditions.

The disappearance of the L,FP phase can be suppressed by
decreasing the temperature of the cell, where the lattice constants of
L,FP are found to be a=10.207 A, b=5.943 A, and c=4.724 A.'**
The L FP phase adopts lattice constants that are between those of
the LFP and FP phases. The lattice constants of the L,FP phases are
close to those of the solid-solution phase LiyFePO, (x=0.6 to
0.75), which is reported to be a consequence of high-temperature
XRD."**'** Therefore, the solid-solution phase Li,FePO, (x = 0.6
to 0.75), which is stable at high temperatures, forms even under
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nonequilibrium conditions during the electrochemical process at The presence of the L,FP phase brings significant benefits to the
room temperature. A detailed analysis of the Li,;;FePO, crystal phase transition of LFP/FP. Since the lattice-parameter gap in the two
structure was performed by x-ray and neutron diffraction'”® and phases of LFP/FP can be as large as 3.6% for the b-axis and 1.8% for
DFT calculations."”’ the c-axis, the interfacial energy associated with nucleation becomes
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large. Therefore, a direct transition from FePO, to LiFePO, does not
cause a large current to flow, and the presence of a metastable
Li,FePO, phase is significant. The lattice mismatch between FePO,
and Li,FePOy is 2.5% on the b-axis and 0.66% on the c-axis, which is
less than that of LiFePO,, making Li,FePO, phase kernel generation
more likely. In addition, the conductivity of the metastable Li,FePO,
phase was enhanced by two orders of magnitude.'** LiFePO,, in which
nucleation is rate limiting, shows superior high-rate charge-discharge
properties in that the response progresses without delay by nucleation
through the intermediate Li,FePO, phase.

To detect nonequilibrium behavior in a more particle-by-parti-
cle manner, Wagemaker et al. dynamically analyzed diffraction spots
of LiFePQ, during charging-discharging.'””'*" The appearance of a
diffuse interface can be confirmed, even at the grain level during
high-rate charging-discharging, as shown in Figs. 14(a) and 14(b)."*’
Deviations from the equilibrium state upon lithium-ion (de)insertion
are detected not only in LiFePO, but also in LiNigsMn,; 50, exhib-
iting a two-phase reaction."*' The metastable phase, which is
assigned to the diffuse interface, dominates in the charge-discharge
reaction at high rates. For the layer-structured LiNij 33C00.33Mng 3305,
nonequilibrium behavior in the phase transition from the H1 to H2
phase observed around Lijg5Ni33C0033Mng330,  was  also
observed."*”

The experimental high-rate XRD results of LiFePO, show that
the formation of the metastable phase is irreversible.”” From
the phase-field theory of chemical kinetics in LiFePO,, the flux-to-
composition relation is asymmetric, and the flux shows a maximum at
approximately 0.25.'*" This asymmetry leads to a more heterogeneous
compositional change per domain within the particle during Li de-
insertion, as shown in Figs. 14(c) and 14(d)."* Therefore, the distribu-
tion of the metastable phase composition inevitably spreads and is
broadened in operando XRD in which a large amount of particle infor-
mation is averaged. Alternatively, the irreversible phase change behav-
ior in Li insertion can be explained by the long life of the metastable
phase because the region where the flux decreases overlaps the region
of the metastable phase at the time of Li insertion. In operando XRD
conducted at 230 °C where the metastable phase is more stabilized, the
lattice-constant change of the metastable phase is observed only at the
time of Li de-insertion, as shown in Figs. 14(e) and 14(6)."** Since
LiFePO, exhibits one-dimensional lithium diffusion, the stability of
the metastable phase varies with surface diffusion.”® In a state where Li
diffusion on the crystal surface is sufficient, as in the low-rate condi-
tion, Li tends to insert into the thermodynamically stable sites, and
two-phase separation occurs. However, under high rates, which
require sufficiently fast lithium insertion, the formation of metastable
phases is accelerated by bulk diffusion of Li into more than one hetero-
geneous site.

We introduce a case aiming at further high-rate charge-discharge
by using the effect of the intermediate phase and LiFeos5Zrg05Po0
Sip1O, with a small lattice volume difference between the two
phases,"*” which has been reported to improve the cycle properties.'*®
From the rate capability tests of LiFeg 95Zr( ¢5Pg Sip 104 and undoped
LiFePOy,, although both materials exhibit almost the same capacity at
the low rate (~1C), a difference is observed at the high rate (10C~).
LiFe 95Z10,05P00Sip104 shows a larger charge-discharge capacity at
high rate, showing an improved rate capability. In the charge-
discharge reaction at 10C, a large difference appears in the behavior of

REVIEW scitation.org/journal/cpr

the intermediate phase (L,FP phase). In undoped LiFePO,, the L,FP
phase appeared only at the end of discharging and existed in a three-
phase state including the two-phase state with the LFP phase and the
FP phase. The Li compositions of the metastable intermediate phases
of LiFeg 95710 05P0.9S10 104 ranged from x = 0.63 to 0.86, and the large
solid solution of the LyFP phase reduced the strain at the interface of
the two phases and enabled fast charging and discharging by realizing
a smooth phase transition reaction. The suppression of lattice strain
contributes to the stabilization of metastable phases to realize smooth
phase transition reactions, which is a key parameter for high-rate
capability.

Operando XRD is also useful to analyze the complicate phase
transition phenomena of graphite anodes. Graphite with lithium
ions inserted has a stage structure, but the intermediate states have
not been analyzed in detail. Operando XRD has shown the exis-
tence of superlattice structures such as LiCpgg, LiCy44, and LiC,.""
The intermediate state observed at high-rate charge-discharge has
also been found in the LiyTisO;, spinel structure of anode.
Operando electron energy loss spectroscopy measurements at Li
K-edge and first-principles calculations proofed the formation of
the intermediate phase and fast lithium-ion conduction at high
rates.

V. REACTION INHOMOGENEITY WITHIN A COMPOSITE
ELECTRODE

Although charge-discharge reaction proceeds by a lithium-ion
insertion/de-insertion in an electrode active material, in reality, the fill-
ing ratio of a composite electrode in which active materials are mixed
in three dimensions can be increased to increase the reaction current.
A composite electrode is composed of an active material for storing
lithium ions, carbon for forming an electron conductive path, and a
binder for bonding them. X-ray computed tomography (CT) and
scanning electron microscopy (SEM) studies visualize their morpho-
logical structure [Figs. 15(a) and 15(b)],"** which is an extremely com-
plicated structure in which an electrolyte occupies the voids to create
an ionic conductive path, as shown in Fig. 15(c)."”

There are multiple reaction processes during the battery reaction
of a composite electrode, and an internal resistance component exists
in each. The following are the main internal resistance components.

@ Electronic resistances
(a) Connection resistance between the current collector and
lead wire
(b)  Metal resistance in the current collector
(c) Contact resistance between the electrode and current
collector
(d)  Electronic resistance in the composite electrode
@ Ionic resistances
(e) Tonic conduction resistance in the electrolyte
(f)  Tonic conduction resistance in composite electrodes
(g) Charge transfer resistance
(h)  Ton diffusion in solid active materials

The voltage that can be extracted from a battery is the value
obtained by subtracting the activation and diffusion overpotentials
and the Ohmic loss from the equilibrium potential. Since the Ohmic
loss can be expressed by the internal resistance time current, to extract
a large amount of energy from a battery, it is necessary to reduce the
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FIG. 14. Recently reported phase transition mechanism on LiFePO,. (a) x-ray diffraction spot from (200) reflection during 2C charging showing the coexistence of the LFP and
FP phases within a single particle. The dashed lines correspond to the powder diffraction rings for the (200) reflections of the LFP and FP phases. (b) Corresponding intensity
from line scan as a function of the scattering angle 20. The maximum intensity is observed corresponding to x=0.71 for the LFP phase and x=0.42 for the FP phase.
Reprinted with permission from Zhang et al., Nat. Commun. 6, 8333 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license.*” (c)
Estimated exchange current density (jo) as a function of x in Li,FePO,4, showing asymmetric curve with the Li composition x. (d) Schematic illustration of asymmetric behavior
on lithiation and delithiation in LiFePO,. Because the maximum jj is observed at x 2 0.25, the difference between j; in the fast and slow domains is small during lithiation.
Reprinted with permission from Lim et al., Science 353, 566-571 (2016). Copyright 2016 The American Association for the Advancement of Science.'** Operando XRD pat-
terns of LiFePO, during (e) delithiation and (f) lithiation at 230 °C. Reprinted with permission from Yoshinari et al., Chem. Mater. 31, 7160-7166 (2019). Copyright 2019
American Chemical Society. '
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FIG. 15. Structure of composite electrodes in lithium-ion batteries. (a) Reconstructed image of cylindrical battery measured by x-ray CT, magnified slice showing the periodic
layered structure of the graphite anode, polyolefin separator, and NMC cathode (from left to right). The scale bars represent 10 mm, 240 um, and 10 um from left to right. (b)
SEM image showing the carbon-binder domain morphology alongside the secondary cathode particles with a scale bar of 10 um. Reprinted with permission from Lu et al., Nat.
Commun. 11, 2079 (2020). Licensed under a Creative Commons Attribution (CC BY) license.'*® (c) Schematic illustration of a composite electrode in lithium-ion batteries.
lonic and electronic currents are supplied from the electrolyte and current collector sides, respectively, which have different types of resistances. Reprinted with permission
from Orikasa et al., Sci. Rep. 6, 26382 (2016). Copyright 2016 Authors, licensed under a Creative Commons Attribution (CC BY) license.'*”

internal resistance as much as possible. Since the electronic conductiv-
ity of a metal is high and the lead wire and current collector are
welded, the resistance components of (a) and (b) are usually not a
problem. It is difficult to control (e) and (h) because they are intrinsic
values of a substance based on the crystal structure, diffusion paths of
ions, valences of cations, etc. Although rigorous design and synthesis
of a crystal structure are required, a relatively simple improvement
method is to reduce the particle size and shorten the diffusion dis-
tance. The charge transfer resistance can be reduced by increasing the
electrode surface area by decreasing the particle size. The contact resis-
tance is not negligible because it makes a passive film with an insulat-
ing property of approximately 30 nm on the surface of aluminum,
which is used as a cathode current collector. In practice, since the elec-
trode is pressed when preparing a composite electrode, defects form in
the coating on the aluminum current collector foil by the carbon of
the conductive auxiliary agent, which is also conductive; thus, it has
not become a large problem in practical use.'”! Thus, electronic resis-
tance in composite electrodes is generally considered not a major
problem. To obtain as large a volume energy density as possible, the
composite electrode is pressed together at the time of preparation.
This is because, at this time, the adhesion of the conductive auxiliary
agent and the active material is increased to form a good electron con-
duction path. Therefore, to fabricate a high-power battery, decreasing
the ion conduction resistance in the composite electrode becomes
important. Using the tortuosity—porosity correlation by Thorat
et al.,"”” the effective ionic conductivity of 1 M LiPF4 in EC:EMC (3:7)
in a composite electrode with a void ratio of 50% was calculated to be
approximately 1.77 mS cm™ ', which is 1/5 the bulk conductivity of
9.21 mS cm™ . Fongy et al. estimated that by evaluating the electro-
chemical properties using a composite electrode with varying porosity,
the ionic and electronic conductivities of the composite electrode
change depending on the three-dimensional structure of the compos-
ite electrode, which affects the rate capability of the cell.'>*1%4

Improving the effective ionic conductivity of a composite electrode in
addition to improving the bulk conductivity is required to provide a
high-rate capability, which includes increasing the porosity of the elec-
trode, reducing the thickness of the electrode, and controlling the mor-
phology of the composite electrode. It has been empirically recognized
that the preparation conditions of a composite electrode greatly affect
the charge-discharge characteristics.'””'*® Thus, the optimum elec-
trode structure has been developed by trial and error to tune the per-
formance. However, to improve the charge-discharge characteristics
to nearly the theoretical performance, it is necessary to understand the
governing factor and to achieve a composite electrode design that
causes an ideal reaction.

The reaction distribution has a strong relationship with the
charge-discharge characteristics of the composite electrodes. In a com-
posite electrode, the effective resistance is varied at the point of a com-
posite electrode, and the electrode reaction does not proceed
uniformly. If such a reaction distribution is caused, Joule heat is prefer-
entially generated due to the concentration of current in a specific
region, which affects safety. Since the reaction tends to further proceed
in the region where heat is generated, only a specific region is charged
and discharged, thereby accelerating the degradation of the active
material. In large-scale lithium-ion batteries used in electric vehicles,
the reaction distribution problem becomes remarkable because charg-
ing and discharging are carried out at a large current.

The reaction distribution phenomena are categorized into two
types. The first is the reaction heterogeneity of the active material in
the electrode thickness direction. In a composite electrode, electrons
are supplied from the current collector side, and ions are supplied
from the separator side. At each point in the in-plane direction, the
resistance component encountered by electrons and ions is different.
The inside of the composite electrode has a complicated conduction
path, and the effective potential at each reaction point is heteroge-
neously distributed. It is predicted that the reaction distribution is
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caused by the heterogeneity of the ion conduction resistance and elec-
tron conduction resistance in a composite electrode.'”” '** The second
is the concentration distribution of the electrolyte. In an electrolyte
used in a lithium-ion battery, the transfer number of lithium ions in
an electrolyte is small, approximately 0.4.'" Therefore, during high-
rate charging and discharging, salt concentration gradient forms in the
electrolyte. In addition, the electrolyte is immersed in nanometer- or
micrometer-scale voids in the composite electrode, which disturbs the
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relaxation of the salt concentration gradient toward the original con-
centration. When the concentration of the electrolyte changes, its ionic
conductivity changes,'®' which causes reaction heterogeneity in the
composite electrode.

General electrochemical measurements provide information on
the entire composite electrode, so it is not possible to directly measure
the local reaction sites inside the electrode or the heterogeneity of the
resistance. Therefore, simulating the phenomenon inside the electrode
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FIG. 16. Simulation results of lithium-ion concentration change in electrode and electrolyte. (a) Coordinates of a cell consisting of a composite anode, composite cathode, and
separator.'”” (b) Concentration profiles across the cell during galvanostatic discharging at /=4.0mA cm~2. The separator region is marked by dashed lines. Reprinted with
permission from Fuller et al., J. Electrochem. Soc. 141, 1-10 (1994). Copyright 1994 IOP Publishing.'®” (c) Local state of charge (SOC) across the cathode. The distance was
measured from the anode-separator interface. The left and right curves correspond to sections B and D, respectively. Reprinted with permission from Fuller et al.,

J. Electrochem. Soc. 141, 982-990 (1994). Copyright 1994 IOP Publishing.'**
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by a mathematical technique was carried out. Newman et al. described
one-dimensional locus quantities that do not distinguish electrolyte
and solid phases, as shown in Fig. 16(a)."”” Simulations were con-
ducted using a composite electrode with a carbon anode and LiMn,0,
cathode.'”* As the current value increases, a large voltage drop occurs
at the end of discharging. The calculated electrolyte concentration of
the system discharged at 4.0 mA cm ™ is shown in Fig. 16(b). The elec-
trolyte concentration is doubled near the current collector of the anode
at the end stage of discharging, and the electrolyte concentration is
almost 0 near the current collector of the cathode. Such a concentra-
tion distribution causes a large polarization at the end of discharging,
decreasing in battery performance.

The reaction—distribution relaxation phenomena were also calcu-
lated using a composite electrode consisting of a LiMn,O, cathode and
a Li anode, as shown in Fig. 16(c)."® First, Li; ,Mn,O4 was discharged
to Li; gMn,O4 and the cell was kept for 1h (labeled B). Next, the cell
was charged to Li;,Mn,0, and kept under this condition for 1h
(labeled D). The time dependency of the state of charge (SOC) distribu-
tion at B and D indicates that the electrode reaction proceeds preferen-
tially from the electrode surface at both B and D immediately after
charging and discharging, which is deemed due to ionic conduction in
the composite electrode being a rate-limiting process of the cell reaction.
However, the SOC distribution at B is completely relaxed after 45 min,
while the SOC distribution at D remains heterogeneous, even after
59 min. This phenomenon can be explained by the composition-open
circuit voltage (OCV) curve of manganese spinel. For the composition
at B, the composition-OCV curves have a slope, so the different SOCs
around this composition have different electrochemical potentials.

REVIEW scitation.org/journal/cpr

Lithium ions can migrate due to the difference between the potentials
within this electrode, and the SOC distribution is relaxed. On the other
hand, for the composition at D, the composition-OCV curve has no
slope, so the potential does not change, even if the SOC is different. In
this case, there is no driving force for lithium ions to migrate.

Attempts have been made to fabricate a galvanic cell and to
measure the current and potential distributions. Ng et al.'** and
Hess et al.'”””'®* measured current and potential distributions by
inserting electronic and ionic conductors into a composite elec-
trode. Mitsuda and Takemura also measured the potential profiles
of a cathode surface by placing a large number of reference electro-
des.'®” A direct observation technique has been reported in which
the in-plane profiles of graphite and LiFePO, have been measured
using the change in the color of active materials depending on their
composition. "%’

X ray-based measurements are a powerful tool to prove such a
reaction distribution. J. Liu et al used synchrotron radiation x rays
focused on a 2 x 5 um® region and analyzed the in-plane reaction dis-
tribution of the LiFePO, cathode by measuring the diffraction pattern
at each specific position [Figs. 17(a)-17(d)].”> The SOC for each spe-
cific position was estimated from the ratio of peak intensities exhibited
by the two compositions. They reported that when charged at a low
rate, the reaction proceeded uniformly, but when charged at a high
rate, the electrode surface reacted preferentially. Reaction distribution
measurements using Raman spectroscopy have also been
reported.'**'*” Nanda et al. used Raman spectroscopy with position
resolution achieved using a 1-pum-diameter laser to measure the
response profile along the outer plane of the cathode [Fig. 17(e)].
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FIG. 17. Observed reaction distribution phenomena in composite electrode of lithium-ion batteries. (a) SEM image of the cross section LiFePO, electrode for micro-XRD. (b)
Fe fluorescence intensity map of the cross section of LiFePO, electrode. The approximate vertical locations of the line scans are superimposed. FePO, phase ratio as a func-
tion of the electrode depth along the vertical direction of 50% SOC charged Li,FePO, at (c) 20mA g~ and (d) 3A g~". Reprinted with permission from Liu et al., J. Phys.
Chem. Lett. 1, 2120-2123 (2010). Copyright 2010 American Chemical Society.”* (€) SOC mapping from Raman spectra of the degraded NCA electrode along the edge.
Reprinted with permission from Nanda et al., Adv. Funct. Mater. 21 3282-3290 (2011). Copyright 2011 Wiley-VCH.'*®
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A direct observation of the reaction distribution is not easy
because it relaxes over time, causing it to diverge from the mathemati-
cal simulation prediction. The origin of the relaxation behavior of the
reaction heterogeneity phenomenon of active materials is introduced
by comparing LiCoO,, which has a gradient in the composition—
potential curve, and LiFePO,, which has a plateau region over a wide
composition. With the optics available at the synchrotron radiation
beamline, x rays can be focused on a less than 1-um-square region to
estimate the difference in reactivity progression at multiple locations of
a composite electrode.'”” The charged states of LiCoO, and LiFePO, at
the current collector side and the inner part can be compared on the
basis of XANES results.”' To verify the relaxation behavior of the reac-
tion distribution, the electrodes after charging were prepared as a sample
that was immediately disassembled after charging and a sample that was
disassembled after being held for 15h in an open circuit state after
charging. Immediately after charging both the LiCoO, and LiFePO,
electrodes, the absorption edge energy of the center portion is located
on the higher energy side rather than near the current collector
[Figs. 18(a) and 18(b)]. This result indicates that the electrode
active material near the current collector is in a low charged state. The
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relaxation behavior of the reaction distribution observed immediately
after charging varies greatly depending on the active material. In the
XANES spectra of LiCoO,, the spectra from two different points match,
which shows the disappearance of the reaction distribution [Fig. 18(c)].
On the other hand, in the LiFePO, electrode shown in Fig. 18(d), the
reaction distribution observed immediately after charging is retained,
even after 15h under the open circuit condition.

While the composition—potential curve of LiCoO, shows a grad-
ual potential gradient, as shown at the top of Fig. 19(a), that of
LiFePOy,, shown in Fig. 19(b), has a wide plateau region. When a reac-
tion distribution occurs in an electrode, active materials with different
compositions are present in the composite electrode. In LiCoO, elec-
trodes, the composition distribution of the active material causes a
potential gradient. Lithium ions migrate through the electrolyte
toward eliminating this potential gradient, and the reaction distribu-
tion in the LiCoO, electrode disappears. On the other hand, in the
LiFePO, electrode, since the potential is constant over a wide region,
there is no potential gradient, even if the reaction distribution occurs
in the same electrode. Therefore, there is no driving force for lithium
ions to move and the reaction distribution remains. The relaxation
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FIG. 18. Co and Fe K-edge XANES for each location of charged LiCoO, [(a) and (c)] and LiFePO, [(b) and (d)] at 1C. Blue corresponds to the center of the electrode, and red
corresponds to the current collector side. [(a) and (b)] Cell inmediately dismantled after charging and [(c) and (d)] the cell dismantled after 15h. Reprinted with permission
from Tanida et al., J. Phys. Chem. C 120, 4739-4743 (2016). Copyright 2016 American Chemical Society.'”'
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behavior of the reaction distribution is shown experimentally to be
a phenomenon based on the diffusion of lithium ions, and this driv-
ing force is not a concentration gradient but a chemical potential
gradient.

Regarding the relaxation phenomenon of the reaction distribu-
tion, it is important to grasp the time order. Although reaction distri-
bution analysis in the in-plane direction by operando measurement
becomes important, it has been challenging to detect the reaction pro-
gress of the active material in the in-plane direction without disassem-
bling the battery. High-energy confocal XRD can be used to obtain
a diffraction pattern of specific points in composite electrodes
[Fig. 20(a)]. Depth-resolved charge-discharge states and subsequent
reaction heterogeneity in an open circuit state have been reported.'””
Since the position of the diffraction peak corresponds to the state of
charge, the reactive heterogeneous state can be estimated in
LiNig 33Mny 33C00.330,. Figure 20(b) plots the change in the diffrac-
tion peak angle for each location in the discharge reaction and subse-
quent open circuit state. During the discharge reaction, the site close
to the separator reacts preferentially, and after the discharge reaction,
the overall discharge state is observed to be similar. This time order is
approximately 30 min, showing that the heterogeneous reaction state
of the active material is relatively easy to relax within an hour. In a
high-rate charge-discharge reaction, the reaction heterogeneity phe-
nomenon occurs continuously without relaxation, which has a large
influence on its performance.

As mentioned above, the electrode morphology impacts the
charge-discharge characteristics. Figure 21(a) shows a 10C discharge
curve of LiFePO, with different void ratios. The equilibrium potential
of LiFePOQ, is approximately 3.45 V for most compositions. The higher
the porosity is, the smaller the discharge potential is. This indicates
that there is Ohmic loss due to reduced contact, and two possible fac-
tors are considered. One factor is the electron resistance in the com-
posite electrode. The contact between particles is insufficient for
composite electrodes with high porosity. Therefore, a good electron
conduction path is not formed, the effective electron conduction resis-
tance in the compound electrode becomes large, and it is considered
to exhibit a large Ohmic loss. The other factor is the contact resistance
between the current collector and composite electrode. It is also con-
ceivable that contact between the current collector and composite elec-
trode is insufficient, and a large contact resistance is generated. In the
case of the electrode having low porosity, a large voltage drop is
observed at the end of discharging, and the capacity decreases. This is
because the effective ionic conductivity in the composite electrode is
lower than that of the composite electrode with a high porosity. In the
narrow and distorted vacancies, lithium-ion conduction is difficult,
which causes a sharp voltage drop at the end of discharging a compos-
ite electrode with low porosity.

Two-dimensional XAS'”* provides clear imaging of reaction
inhomogeneity in the in-plane direction, as shown in Fig. 21(b). In the
mapping, the absorption edge energy corresponding to the discharged
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FIG. 20. Schematic illustration and analyzed data of confocal XRD during battery operation. (a) Measuring points of the operando confocal XRD method for measuring the
response distribution in the thickness direction. (b) Changing behavior of the diffraction peak angle at each position measured when discharging LiNig 33Mng 33C00 3305.
Reprinted with permission from Murayama et al., J. Phys. Chem. C 118, 20750-20755 (2014). Copyright 2014 American Chemical Society.'””

state is described for each position, and the discharge depth is visual-
ized in the in-plane direction. When the porosity of the composite
electrode is 36% or 44%, the reaction proceeds preferentially on the
separator side, and when the porosity is 48% or 56%, the reaction pro-
ceeds uniformly. Two-dimensional XAS imaging shows that the
occurrence of the reaction distribution becomes remarkable as the
electrode porosity decreases.

Since the reaction distribution is determined by the balance
between the ionic conductivity and the electronic conductivity in the
composite electrode, it is necessary to discuss both separately.
However, the effective ionic and electronic conductivities of composite
electrodes are difficult to separate and measure due to the contribu-
tions of their complex three-dimensional structures. The six-probe
method proposed by Siroma et al. enables the measurement of ionic
and electronic conductivities.”* The effective electron conductivity in
a composite electrode increases linearly (hundreds of mS cm ') as the
porosity decreases.'” This is considered to be because the adhesion
between the conductive agents is improved and the contact resistance
is reduced. Thus, the electron conductivity in the composite electrode
is high and does not become rate limiting. On the other hand, the
effective ionic conductivity in the composite electrode is 6 mS cm ™

for the electrode with more than 50% porosity and two orders of mag-
nitude smaller than that of the electronic conductivity [Fig. 21(c)]. The
ionic conductivity sharply decreases at a porosity of 45% or less, which
is different from the ionic conductivity calculated from the bulk con-
ductivity. When the void is small, the apparent conduction path
becomes long, which decreases the effective ionic conduction in the
highly pressed composite electrodes.

In a composite electrode, ionic conduction is mostly the rate lim-
iting, and the value decreases with decreasing porosity. This greatly
changes the balance between the potentials of electrons and lithium
ions, as shown in Fig. 21(d). This inhomogeneous potential distribu-
tion causes the reaction to be heterogeneous in the in-plane direction.
When the porosity is small, the potential distribution of ions is large in
the composite electrode, and the reaction proceeds preferentially in
the vicinity of the electrode surface so that the active material on the
current collector side does not react, which decreases the dischargeable
capacity. By the neutron analysis using the 18 650 type all battery, it is
observed that the phase change of graphite anode is rate-dependent.
This is interpreted to be a result of reaction heterogeneity inside the
composite electrode. In some cases, the formation of crystalline phases
with slow lithium diffusion and thermodynamically unstable phase
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under a Creative Commons Attribution (CC BY) license.'*’

formation is detected.'”” The rate dependence of the concentration
change in the depth direction of LiFePO, electrode has been measured
by Neutron depth profile. At high rates, a preferential reaction on the
electrolyte side is observed due to the rate-determined ionic conduc-
tion. On the other hand, at sufficiently slow rates, the effects of elec-
tron conduction and nucleation rate determination are predominant,
and the preferential reaction sites are different.'® In spatially resolved
x-ray diffraction computed tomography, the reaction distribution can
be visualized in three dimensions. 1.2-mm-thick LiFePO, composite
electrode, even at a low rate of C/10, the reaction proceeds preferen-
tially from the separator and current collector sides.'””

In recent years, not only active materials but also electrolyte het-
erogeneity has been analyzed. For example, there have been reports on
measuring the change in salt concentration during the charging and
discharging reaction of a lithium-ion battery by NMR imaging
(MRD)""®*' and x-ray phase imaging.'s” Figure 22(a) is a result of
measuring the concentration change of the electrolyte using a model

cell of the lithium electrode.'”® In a state where current flows, in an
electrolyte with a thickness of 10 mm, there is a case where the salt
concentration becomes 1.5 M or more or 0.5 M or less. Furthermore,
it can be easily imagined that this change occurs even in a composite
electrode, which has been directly detected by the fluorescence x-ray
technique [Fig. 22(b)]."*" This is because in a composite electrode, the
size of the vacancy is small, and the diffusion of ions slows. In the
NMR measurements of a composite electrode in a capacitor, the dif-
fusion coefficient of the composite electrode is estimated to be two
orders smaller than the value of the bulk electrode.'®” Therefore,
when the current density is large, the relaxation of the salt concentra-
tion distribution becomes slower than the time scale of the charge-
discharge reaction, and the increase or decrease in the concentration
of the electrolyte in the composite electrode may greatly affect its
characteristics.'*

The change in salt concentration greatly affects the charge-
discharge characteristics because it brings about an increase and
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FIG. 22. Detection of lithium-ion concentration change in electrolyte during battery operation. (a) Change in the LiPFg salt concentration between lithium electrodes, as mea-
sured using NMR. Reprinted with permission from Klett et al., J. Am. Chem. Soc. 134, 1465414657 (2012). Copyright 2012 American Chemical Society.'”® (b) Li* concentra-
tion profile in the cell while “a” discharging at a current of 0.4C and during “b” rest period. The schematic (top) displays the various cell components as a function of depth. The
bottom inset shows the potential response as a function of time, where the vertical dashed lines indicate the time for the corresponding colored line in the gradient plot.
Reprinted with permission from Dawkins et al., Anal. Chem. 92(16), 10908-10912 (2020). Copyright 2020 American Chemical Society.'®!

decrease in the conductivity of electrolytes. Studies using the previ-
ously described confocal XRD method to investigate the reaction dis-
tribution behavior of LiNig33Mng33C00330, cathode with different
salt concentrations show that the local increase or decrease in the
number of lithium ions causes capacity degradation in the direction of
decreasing conductivity.'** Changes in salt concentration are assumed
to have a significant impact on charge-discharge cycles, especially at
high rates, due to the relatively slow relaxation process. By analyzing
the reaction distribution during the charge-discharge cycling shown

in Fig. 23, even if the reaction distribution is eliminated by charging
once, spreading of the reaction heterogeneity at the time of discharge
during every cydle is observed.'” Operando XRD in 20-micrometer
steps using a half-cell with a 170-um-thick electrode of
LiNiygCop 1 Mny ; O, is reported. In this report, it is also clear that the
reaction from the separator side is preferential and that the real SOC
range in active materials changes with cycling.'®

In recent years, all-solid-state rechargeable batteries have been
increasingly studied as candidates for next-generation rechargeable
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gray plots. Reprinted with permission from Kitada et al., J. Phys. Chem. C 121, 6018-6023 (2017). Copyright 2017 American Chemical Society.'®*

batteries. In regard to practicality, it is important to verify whether
all-solid-state rechargeable batteries differ from existing lithium-ion
batteries in terms of generating a reaction distribution. In the case of
all-solid-state rechargeable batteries, since the transfer rate of the car-
rier ions of the solid electrolyte is 1,1 the salt concentration distri-
bution is not caused in principle, which has been experimentally
proven.'*” The absence of concentration heterogeneity in electrolytes,
even during a high-rate charge-discharge reaction, could realize fast
charging and discharging in a short time. Notably, a fast charge-
discharge response has been reported,'™ and it is expected to be
deployed in electric vehicles. Although the concentration of the solid
electrolyte is constant, heterogeneous reactions are still observed,
which is effectively due to low ionic conduction. Figure 24 shows a
three-dimensional reaction state with the CT-x-ray absorption spec-
trum of an all-solid-state rechargeable battery.”’ The color change is
heterogeneous when the charge reaction proceeds. Compared with

lithium-ion batteries, in all-solid-state batteries, other factors, such as
the contact resistance of the solid interface, are needed to discuss the
reaction heterogeneity.

VI. SUMMARY

The charging-discharging of lithium-ion batteries consists of
hierarchical and nonequivalent chemical reactions with a wide range
of time and spatial scales, which contain physicochemical phenomena.
We have reviewed the recently developed analytical techniques using
synchrotron x rays and the reaction phenomena in regard to
electrode-electrolyte interfaces as the starting point of the reaction,
phase change behavior of active materials, and reaction distributions
of composite electrodes. To improve the performance of lithium-ion
batteries and to realize next-generation novel rechargeable batteries,
the factor governing overall battery performance should be under-
stood. Reaction analysis in terms of physicochemical phenomena will
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assist the enhancement of battery performance based on basic science
without relying on trial and error.
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