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ABSTRACT

Electrode reactions in electrochemical devices often consist of charge transfer at electrode/electrolyte interface and charge compensation
in electrode active material. Therefore, to design electrochemical devices with high electrochemical performance, it is important to
understand electronic structures of the electrode/electrolyte interface and electrode bulk during electrochemical reactions, and to design
electrode materials to control them. In this paper, certain phenomena at the electrode/electrolyte interface and electrode bulk in lithium-
ion batteries are clarified by using synchrotron radiation X-ray analyses. The information obtained from those X-ray analyses are applied to
control the structure of the electrode/electrolyte interface and electrode bulk. Moreover, new cathode materials for all-solid-state fluoride-
ion with high power and cyclic performances have been developed, compared to simple metal/metal fluoride materials, by using the
findings obtained from the synchrotron radiation X-ray analyses.
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1. Introduction to design electrode materials to control them. This paper reviews

Electrochemical devices such as lithium-ion batteries (LIBs),
post-lithium-ion batteries, and polymer electrolyte fuel cells are
expected to be widely used as energy storage media in electric
vehicles and smart grids to solve the environmental and energy
problems.! Electrode reactions in the electrochemical devices often
consist of charge transfer at the electrode/electrolyte interface and
charge compensation associated with carrier ion transfer in the
electrode active material. For example, in LIBs, lithium-ions are
inserted into and extracted from the electrode active material at the
electrode/electrolyte interface, and electron transfer occurs simulta-
neously. In addition, charge compensation occurs in the electrode
active material when lithium-ions move. Therefore, in order to
improve performances of the electrochemical devices, it is necessary
to understand electronic structures of the electrode/electrolyte
interface and electrode bulk during electrochemical reactions, and
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synchrotron radiation X-ray analyses suitable for examining the
respective phenomena at the electrode/electrolyte interface and
electrode bulk. In addition, it describes new electrode materials
using the electronic structural material design guidelines obtained
from those analyses.

1) Interfacial electronic structure between electrode and electrolyte

In LIBs, the interface between electrode and electrolyte is the
starting point for the whole electrochemical reactions.> Because
the electrode and electrolyte each have different inner potentials,
potential compensation occurs at the electrode/electrolyte interface.
The potential compensation forms a space-charge layer on the
electrode side and an electric double layer on the electrolyte side,
resulting in the electronic structure at the interface that is different
from the bulk. As in LIBs, the space charge layer’s structure is
expected to be responsible for the cyclability and power density,
clarifying and controlling the interfacial structure are important for
improving the electrochemical performances.’ However, elucidating
the space charge layer’s structure is difficult because the following
three conditions must be met: (1) A smooth electrode/electrolyte
model interface must be constructed to extract information only
from the interface; (2) Analysis under battery operating conditions
(operando) is essential; (3) The thickness of the space-charge layer
is speculated to be on the order of a few nanometers, so analytical
methods with a similar level of spatial resolution are necessary. The
electrode of LIB is usually a composite electrode, which is a mixture
of active material, carbon, and binder. Complex three-dimensional
morphology of the composite electrode makes it difficult to extract
information on the electrode/electrolyte interface. Therefore, it is
appropriate to use a thin-film electrode that can define the interface
to analyze the electrode/electrolyte interfacial structure. It has been
reported that surface X-ray diffraction* and X-ray reflectometry> for
thin-film electrodes are applied to analyze the electrode/electrolyte
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interface structure on operando conditions. Although these methods
provide useful information about the interfacial structure, they
have disadvantage for the analysis of amorphous and electronic
structures. Operando total reflection fluorescence X-ray absorption
spectroscopy (TRF-XAS) is a powerful tool for the analysis of
amorphous and electronic structures at the electrode/electrolyte
interface under operating conditions.®’ In this section, clarifications
of phenomena at the cathode/electrolyte interface in LIBs using
TRF-XAS are introduced.

Because the refractive index of X-ray is slightly less than 1, a
highly collimated incident X-ray beam on a smooth interface at an
angle smaller than the critical angle will be totally reflected.® Under
such a condition, the X-ray beam penetrates only a few nanometers
from the sample surface and makes atoms on the electrode surface
excite, providing only the surficial information. Considering the
density of LiCoO; and the energy of X-ray absorption spectroscopy
for Co K-edge, the calculated total reflection angle of LiCoO, is
0.28°, and the penetration depth of X-ray at that angle is estimated
to be 6.8nm. When the incident X-ray angle is set to 0.2°, the
penetration depth of X-ray is estimated to be ~3nm. When the
incident angle the X-ray is larger than the total reflection angle, the
penetration depth of the X-ray is estimated to be approximately
100 nm, which means that the entire film, i.e., the bulk information,
can be obtained when the LiCoO, thin-film with 50 nm thickness is
used.

Figure 1 shows XANES spectra for Co K-edge and Fe K-edge of
the surface of the LiCoO, and LiFePO, thin-film electrodes before
and after liquid organic electrolyte immersion, which are obtained
by using the operando TRF-XAS.” In the LiCoO, thin-film
electrode, the energy of the absorption edge shifts to the lower
energy side after the electrolyte immersion, meaning that the Co ions
at the LiCoO, surface is reduced by contact with the electrolyte
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(Fig. 1a). On the other hand, in the LiFePO, thin-film electrode,
energy shift of the absorption edge to lower is not observed after the
electrolyte immersion, meaning that the Fe ions at the LiFePOy4
surface is not reduced by contact with the electrolyte (Fig. 1b).
Figure 2 shows the absorption energy at normalized intensity of 0.5
obtained from the XANES spectra of the surface and bulk for the
LiCoO, and LiFePO, thin-film electrodes during charge/discharge
processes. In the LiCoO, bulk, the absorption energy shifts to the
higher energy side with increasing voltage, and then returns back to
the original energy with decreasing voltage (Fig. 2a). This means
that the redox of Co ions in the bulk is reversible during charge/
discharge processes. On the LiCoO, surface, although the
absorption energy shifts to the higher energy side with increasing
voltage, it does not return back to the original energy with
decreasing voltage. This means that the redox of Co ions on the
surface is irreversible during charge/discharge processes, in contrast
to the bulk. On the other hand, in the case of the LiFePO, thin-film
electrode, the absorption energy of both of the surface and bulk
XANES spectra shifts to the higher energy side with increasing
voltage. Then it returns back to the original energy with decreasing
voltage (Fig. 2b). This means that the redox of Fe ions of both of the
surface and bulk for the LiFePO, thin-film electrode is reversible
during charge/discharge processes, in contrast to the LiCoO, thin-
film electrode.

The reduction of Co ions at the LiCoO, surface is attributed to
formation of a space charge layer (Fig. 3a). The energy level of the
bottom of the conduction band in LiCoO; is sufficiently low to allow
electron transfer from the electrolyte to the electrode because of its
relatively small band gap of ~1.5eV.” The formation of the space
charge layer causes irreversible lithium-ions extraction/insertion
reactions, which is the origin of the LiCoO, electrode deterioration.
During further cycling, the irreversible layers continue to grow from
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(a) Co K-edge surface and XANES spectra of LiCoO; and (b) Fe K-edge surface XANES spectra of LiFePO, before (black line)

and after (red line) electrolyte immersion, obtained via operando TRF-XAS. Reproduced with permission from Ref. 7. Copyright 2014

American Chemical Society.
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Figure 2. Egs values of (a) Co K-edge surface (red) and bulk (white) XANES spectra of the LiCoO, electrode and (b) Fe K-edge surface
(red) and bulk (white) XANES spectra of the LiFePO, electrode during lithium-ion extraction and insertion. (R3.8V and R3.0V are the
applied voltages during the lithium-ion insertion process. Error bars are calculated using the accuracy of the incident X-ray energy (0.01 %).)
Reproduced with permission from Ref. 7. Copyright 2014 American Chemical Society.
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interfaces upon electrolyte immersion. (®s and & are the inner potentials of the electrode and electrolyte, respectively. To simplify, it is
assumed that the plane of polycrystalline LiCoO, and LiFePO, facing the electrolyte is perpendicular to (001) and parallel to (010),
respectively.) Reproduced with permission from Ref. 7. Copyright 2014 American Chemical Society.

the surface to the bulk, and the discharge capacity fades. In contrast
to the situation in LiCoO,, the reduction of Fe ions on the LiFePOy,
surface does not occurs with the electrolyte immersion, indicating
that a potential change inside a space charge layer in the LiFePOy,
surface is not large. Because of a wider band gap (~3.7eV) of
LiFePO,'*!! than that of LiCoO,, the bottom of the conduction band
energy level of LiFePOs would be higher than that of LiCoO,,
impeding electron transfer from the electrolyte to the LiFePO4
surface. Therefore, the potential change in the space charge layer
in LiFePO, is smaller than that in LiCoO,, and the potential gap
between the LiFePO, electrode and electrolyte is compensated
mainly by an electrical double layer in the electrolyte (Fig. 3b). The
lack of a large potential change in the space charge layer at the
LiFePOy surface is the origin of the stable behavior with electrolyte
contact and during lithium-ions extraction/insertion reactions.

To suppress the reaction on the electrode surface by contact with
the electrolyte, surface coating with oxides such as MgO has been
examined as an interfacial modification approach from the electrode
side.!” The surface coating layer suppresses the formation of the
space charge layer on the LiCoO, surface and also stabilizes the
layered structure by acting as a pillar at high potentials, resulting in
improvement of cyclability at high potentials. The use of additives
such as vinylene carbonate (VC) has been investigated as another
interfacial modification approach from the electrolyte side:'* solid
electrolyte interphase formed on the electrode surface by decom-
position of VC stabilizes the LiCoO, electrode surface, resulting in
improvement of cyclability. The use of operando TRF-XAS has
revealed the correlation between the electrode/electrolyte interfacial
structure and the electrochemical properties.
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Figure 4. (a) Charge and discharge profiles for Li; ,Tig4Mng 40, at

2) Charge compensation mechanism of Li-excess metal oxide
cathodes

In electrode reactions of energy storage devices, the capacity is
defined by the charge compensation of the electrode material with
carrier ions insertion/extraction reactions. Therefore, it is important
to elucidate and control the electronic structure of the electrode
material. In LIBs, many researches on the elucidation and control of
the electronic structure of electrode materials have been conducted
vigorously, focusing on transition metal ions. However, the develop-
ment of electrode materials by controlling transition metal ions is
reaching its limits. Therefore, in recent years, Li-excess metal oxides
that utilize the charge compensation of oxide ions as well as
transition metal ions have attracted attention as cathode materials that
exhibit high capacity.'* However, the charge compensation by oxide
ions can cause irreversible oxygen loss'® and phase transitions.'¢ In
order to suppress these phenomena, it is necessary to design materials
based on an understanding of the electronic state of oxide ions during
charge process. In this section, the studies on the electronic structure
of oxide ions in Li-excess metal oxide cathodes during charge
process and their electronic structure control are described.

Li-excess metal oxide Lij;Tip4Mng 40, with disorder rock-salt
structure!” is used as a model cathode to obtain high reversible
capacity. As shown in Fig. 4a, the Li; ,Tip4sMn 40, has a charge
capacity of 381 mAhg™! with a voltage slope up to x = 0.4 and
a voltage plateau of 4.2V, and a capacity of 306 mAhg~' during
discharge.'® In the charge process, the partial pressure increase of O,
gas is not observed for the Li; ,Tip4Mn 4O, (Fig. 4b) via an online
mass electrochemical mass spectrometry, indicating the possibility
of no oxygen loss in this system. The electronic structures of
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different states of charge, corresponding to the points on the charge curves. (b) CO,, Hy, and O, partial gas pressures of Li; ;Tip sMng 40, as a
function of the state of charge by using online electrochemical mass spectrometry. Reproduced with permission from Ref. 18. Copyright 2020

American Chemical Society.
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Reproduced with permission from Ref. 18. Copyright 2020 American Chemical Society.

transition metal ions and oxide ions for the Li; ,Tig 4Mng 40, during
charge process are examined by using operando soft X-ray
absorption spectroscopy (soft XAS). Figure 5 shows XAS spectra
of Mn L-edge and O K-edge obtained by the operando soft XAS at
points (a)—(f) in Fig. 4a. In the XAS spectrum for Mn Lyj-edge, a
board peak is observed at ~641.5eV before the charge process
(Fig. 5a). The broad peak is separated into two peaks and shifted to
a higher energy side in the slope region ((a) to (c) in Fig. 4a) during
the charge process. This change means the Mn ions are oxidized
from Mn®* to Mn** state. In the subsequent charge process ((c) to
(f) in Fig. 4a), the two peaks are unchanged, meaning that the Mn
ions are not oxidized and responsible for the charge compensation.
In the XAS spectrum for O K-edge, a board peak, which is
attributed to the transitions from the O 1s level to the hybridized
states of the Mn 3d and O 2p orbitals,'® is observed at ~530.4 eV
before the charge process (Fig. Sb). The intensity at 529.5¢eV is
increased in the slope region ((a) to (c) in Fig. 4a) during the charge
process. This change is attributed to the spin multiplicity and crystal
field effect with the oxidation of the Mn ions from Mn3* to Mn**, as
observed in the Mn-Ly; XAS spectra (Fig. 5a). In the subsequent
charge process ((c) to (f) in Fig. 4a), intensity of the peak at
530.7 eV is increased. Because the Mn ions are not oxidized in the
late charge process as observed in the Mn-Ly; XAS spectra
(Fig. 5a), the peak intensity increase is attributed to oxidation of

4

oxide ions. Local structures around transition metal ions for the
Li; 5 Tig4Mny 40, during charge process are examined by using
operando XAS. Figure 6 shows Mn-O and Ti-O distances obtained
from the extended X-ray absorption fine structure (EXAFS) analysis
for the Mn and Ti K-edge XAS spectra. The Mn-O distance is
decreased in the region x =0-0.4 and remained constant from
x = 0.4-1.1 (Fig. 6a), corresponding to the oxidation of Mn ions
as observed in the Mn-Ly; XAS spectra (Fig. 5a). On the other
hand, the Ti—O distances is decreased in the region x = 0—0.4 and
gradually increased from x =0.4-1.1 (Fig. 6b). These results
indicate that the holes created by oxidation at the late charge
process are localized around the Ti ions and the presence of the Ti
ions stabilizes the oxidation of oxide ions. The oxidation of the
oxide ions around the Ti ions weakens the coulombic interaction
between the Ti and oxide ions, resulting in the increase in the Ti-O
distances. A more detailed analysis of the electronic structure for the
Li; ,Tip4Mng 4O, using high-energy X-ray Compton scattering has
revealed that the holes are formed in the isolated oxygen 2p orbitals
due to the weak m-bonding property caused by electrostatic
repulsion between the transition metal ty, orbital and the oxygen
2p orbital?® A similar mechanism is proposed for Li;,Nig3-
Cog 13Mn 5405, in which hole localization on the oxide ions
coordinated with Mn** and Li* is promoted.?' The relatively higher
ionic character of the Lij,Tip4Mng40, enhances the hole local-
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ization with Ti**, resulting in the stabilized oxide ions’ redox and
the high reversible capacity.

Considering energy of nitrogen 2p orbital is higher than that of
oxygen 2p orbital, the hole formation during charge process can
occur in not only oxygen 2p orbitals but also nitrogen 2p orbitals.
Therefore, nitrogen doping can be a strategy to improve the capacity
of the oxide ions’ redox in Li-excess metal oxide cathode. It has
been reported that nitrogen-doped Li; ,Tig 4Mng 40, with optimized
composition, Lij»Tip4Mng 40, 85Ng 10, provides a higher capacity
than non-doped Li; ,Tip4Mn( 40, because of an effective reduction
of Mn and stabilization of the hole formation in oxide ions during
charge process.??> Therefore, in order to achieve high capacity by
using anionic redox of Li-excess metal oxide cathodes, it is
important to enhance electron localization on anions in the structure.

3) Development of electrode materials for all-solid-state fluoride-ion
batteries

LIBs are widely used in human society because of their high
energy density, high power density, and long-term durability. As
mentioned in the previous section, in recent years, the cathode
materials by using oxide ions’ redox in addition to transition metal
ions’ redox have been developed to improve the energy density.
However, as the need for longer range electric vehicles and for grid
storage is increasing, it is necessary to develop batteries with even
higher capacity and that do not rely on lithium. To meet these
demands, batteries using different carrier ions (Na®, Mg?*, Ca’*,
Cl~, F, etc.) have been proposed.

Among these, all-solid-state fluoride-ion batteries that use
fluoride-ions as carriers?> have been attracting attention as a storage
battery with high energy density that theoretically exceeds that of
LIBs. The all-solid-state fluoride-ion batteries can achieve high
capacity by utilizing multi-electron reactions in metal fluorides such
as CuF, with monovalent fluoride ions as carriers. It has been
reported that the electrode/electrolyte interface reaction rate
depends on the ionic conductivity of the solid electrolyte in all-
solid-state fluoride-ion batteries.>* This indicates that the power
density equivalent to that of all-solid-state LIBs may be achieved by
using fluoride-ion conductors with high ionic conductivity. There-
fore, the all-solid-state fluoride-ion batteries are expected to be as
next-generation batteries with high energy density and high power
density. However, when simple metals/metal fluorides are used, the
power density and cyclability are poor due to the rapid decrease in
ionic and electronic conductivities and large volume change during
charge/discharge, i.e., fluorination/defluorination processes. To
solve these issues, use of various metals/metal fluorides,?’
mitigation of volume change of metals/metal fluorides during
charge/discharge processes by alloying,’® and nanocomposites of
metals/metal fluorides and solid electrolytes have been studied.?’
Although these methods have some effect on improving the power
density and cyclability of the metals/metal fluorides electrodes in
all-solid-state fluoride-ion batteries, they have not led to dramatic
improvements. Therefore, in order to use metals/metal fluorides
as electrodes, further studies improving for the electrochemical
properties are needed. This section introduces researches that use
metal oxides as similar to electrode materials applied in LIBs as a
different approach from those described above to solve the issues of
power density and cyclability of all-solid-state fluoride-ion battery
cathodes.

Figure 7a shows the charge/discharge curves when a metal oxide
Cu,O was applied as the cathode of all-solid-state fluoride-ion
battery.”® The Cu,O cathode provides a charge capacity of
314mAhg~! and a discharge capacity of 220mAh g™! in the initial
charge and discharge processes at 0.02C (1C=375mAg™)),
respectively, and a reversible capacity of 134mAhg~! after 30
cycles. Figure 7b compares the rate performance of the Cu,O and
Cu thin-film cathodes. Even though the electrochemical measure-
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Figure 7. (a) Charge/discharge profiles of Cu,O cathode for
cycles 1-30 at 140 °C at 0.02 C. (b) Comparisons of rate capabilities
of Cu,0 bulk and a Cu thin-film system from Ref. 26. (c) Apparent
fluoride ions diffusion coefficients (Dg_) calculated from potentio-
static intermittent titration technique. Reproduced from Ref. 28 with
permission. Copyright 2021, Wiley-VCH.

ment of the Cu thin-film cathode is performed with a thin-film
three-electrode cell, whereas that of the Cu,O cathode is performed
with a bulk-type cell, the rate performance of the Cu,O cathode is
superior to the Cu thin-film cathode. The average particle size of the
Cu,O cathode is approximately 50-60nm, indicating that the
diffusion length of fluoride-ions in the Cu,O cathode is greater than
that of fluoride-ions in the Cu thin-film cathode with 10nm
thickness. These results suggest that the fluoride/defluorination
reactions in the Cu,O cathode are kinetically superior to those in the
Cu cathode. The apparent diffusion coefficient of fluoride-ions
in CuyO cathode is 107! to 107'%cm?s™! (Fig. 7c), which is
determined by potentiostatic intermittent titration technique. This
value is comparable to that of the cathode materials for LIBs at room
temperature.*3* These results indicate that high-power all-solid-
state fluoride-ion battery cathodes can be developed by using metal
oxides. However, synchrotron X-ray diffraction (XRD) and EXAFS
analysis of Cu K-edge XAS have revealed that the rapid capacity
drop in Cu,O cathode in the first few cycles is due to irreversible
amorphization of the Cu,O cathode after charge process. To suppress
the capacity drop, it is necessary to design the metal oxides in which
amorphization does not occur during charge/discharge processes.
One approach to suppress the capacity loss due to amorphization
of cathode materials is to use the cathode materials that undergo
topotactic fluoride-ions intercalation/deintercalation reactions. It has
been reported that compounds with perovskite analogous structures
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exhibit intercalation/deintercalation reactions of fluoride-ions.>*3

Figures 8a and 8b show the charge/discharge curves of LaStMnO4F
and Sr,MnOsF, cathodes synthesized by chemical fluorination of
LaStMnOy and Sr,MnO;F with perovskite analogous structures.’
The LaSrMnO4F cathode provides a discharge capacity of
70mAhg~' and a charge capacity of 72mAhg~!, whereas the
Sr,MnO;F; cathode exhibits a discharge capacity of 84 mAh g~! and
a charge capacity of 83mAhg~'. The both cathodes show a
reversible capacity. The Sr,MnOsF, cathode shows better capacity
retention at higher current densities than the LaSrMnO4F cathode
(Fig. 8c). The LaSrMnO4F exhibits a flat open-circuit-voltage
(OCV) over a wide range of fluorine content, as seen in the
LiFePO, cathode of LIBs,?’ whereas the OCV of the Sr,MnO;F,
gradually changes with fluorine content (Fig. 8d). By combining the
OCYV results with XAS and synchrotron XRD measurements, it has
been found that the fluoride-ions insertion into the LaSrMnQOy
proceeds by a two-phase reaction and that into the Sr,MnO;F
proceeds by a solid solution reaction (Fig.9). The volume
expansion of the LaSrMnO, during fluoride-ions insertion is
relatively large (6.22 %) while that of the Sr,MnO;F is relatively
small (3.08 %). In the Sr,MnO;F, because 50 % of the apical site is
replaced by fluoride-ion and the electrostatic repulsion between the
anion of the apical site and the inserted fluoride-ion is relatively
small. This results in a smaller volume change during charging and
higher power density, compared to the LaStMnO,. The finding that
the power density can be improved by controlling the anion of apical
site is useful information for the development of cathodes for all-
solid-state fluoride ion batteries.

4) Summary and Outlook

This paper introduces the author’s studies on the electronic
structure of the cathode/electrolyte interface and the charge
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compensation mechanism of the Li-excess metal oxide cathodes in
LIBs using synchrotron radiation X-ray analysis techniques, and
material design based on the knowledge obtained from these studies.
The cyclability and stability at high potential of LIB cathodes can be
improved by controlling the specific electronic structure of the
cathode/electrolyte interface, which is different from that of the
bulk. In addition, the reversible anion redox can be utilized by
localizing electrons on 2p orbitals of anions in the Li-excess metal
oxide cathodes to obtain high capacity. By using these obtained
findings to develop all-solid-state fluoride-ion battery materials, it is
found that all-solid-state fluoride-ion battery with high power and
cyclic performances can be realized by using the intercalation-type
oxyfluoride cathode materials compared to the simple metal/metal
fluoride materials. Although the intercalation-type cathode materials
have the problem of small capacity, there is a possibility that higher
capacity can be achieved by utilizing the anion redox and other
knowledges obtained from LIB cathodes, and further development is
expected in the future.
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