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Chapter 1. General introduction

1.1. Background

Recently, the use of fossil-fuel-based energy sources for modern industrial
civilization has frequently been considered to be a cause of serious environmental
pollution issues™?. In particular, climate change, caused by carbon dioxide from fossil
fuels, has become a serious concern'. One of the major carbon dioxides originates from
thermoelectric power plants and vehicles, which use fossil fuels. Unfortunately, these are
deeply connected to the survival of civilization, and energy demands continue to increase
over time. Thus, gradual reduction of carbon dioxide emissions would be preferable.
Currently, major countries have been implementing the policies to reduce carbon dioxide
emissions, replacing non-renewable energy (Fossil fuel) with renewable energy as shown
in Figure 1. Among the green energies, application of electricity has been suggested as
immediate utilization and alternative. As a result, various regulations for carbon dioxide
reduction were emerged such as the policies for electric vehicles, which do not rely on
fossil fuels but using green energy like electricity. Figure 2 summarizes the power sources
for current and future mobile vehicles. Currently, most vehicles are powered by internal
combustion engines, but electric vehicles and plug-in hybrid vehicles are expected to
spread rapidly in the future, and fuel cell vehicles are also expected to increase gradually.
Furthermore, as a source of electricity for electric and plug-in hybrid vehicles,
international environmental associations have suggested that a new system based on
environmentally friendly renewable energy sources is needed to replace fossil fuel-based
sources. Based on these arguments, the concept of smart grids emerged and has been
attracting attention in recent years. Smart grids are not only power grids, but also systems
that can efficiently supply electricity anywhere it is consumed with minimal power and
information technology®*!. Moreover, smart grids can provide sustainable energy
regardless of the weather and store excess energy as chemical energy. Therefore,
optimization of the production and distribution of energy can decrease carbon dioxide
emissions®. To realize smart grid systems, it is essential to develop novel systems based

not on fossil fuels, but on environmentally friendly energy sources, such as the sun, wind,



water, and hydrogen. In order to stably use these power sources, which fluctuate greatly

over time, it is necessary to charge the storage batteries and then stably extract the current.

Among applications that need to reduce fossil fuel consumption, the reduction for
vehicles is urgent. However, vehicles require large amounts of energy to achieve high
power density and/or high energy density!!. Therefore, various energy storage systems
capable of this, such as supercapacitors, lead-acid batteries, fuel cells, and lithium-ion
batteries (LIBs), have already been either installed or attempted!!~24, A supercapacitor,
which uses an electric double layer to store electricity, can charge and discharge faster
than a battery using chemical reactions, but has a very low energy density.'?°. Lead-acid
batteries are charged and discharged by the movement of sulfate ions between the
electrodes and electrolyte and provide low cost per unit of electricity**. However, because
of their poor specific energy (Wh/kg), they are ineffective as power sources for vehicles.
For this reason, lead-acid batteries have been used as supplemental tools for vehicles.
Meanwhile, fuel cells generating electricity based on the reaction of oxygen with
hydrogen has received much attention because no emission gas is produced, long
distances can be travelled with short charging times, and oxygen and hydrogen are
abundant on Earth!. Because of these properties, applications into smart grid system are
promising as to an environmentally friendly concept; however, there are critical issues
obstructing their application that must be solved, such as expensive cells including
platinum catalysts, insufficient facilities for hydrogen charging stations'®. Fortunately,
LIBs have sufficient energy density owing to the light weight of lithium and the high
electromotive force of the electrodes'’°. They are charged and discharged by the
movement of Li ions, generating electricity, which is stored in the electrodes’. Therefore,
LIBs are suitable as power sources and energy storage devices for vehicles. Furthermore,
they can enable the production of vehicles that do not rely on fossil fuels.

However, in order for LIBs to be utilized and for LIB-based vehicles to perform
at the level of existing fossil-fuel-dependent vehicles, stricter standards than those for
small electronic appliances currently in use must be met'®. The application of L1Bs should
be considered for not only vehicles, but also large-scale energy storage systems.
Environmentally friendly energy production systems that use solar cells, wind power, and

hydrogen can produce enormous amounts of energy, but no storage system can



accommodate these amounts of produced energy thus far. Therefore, utilizing LIBs as

energy storage systems can be a suitable approach owing to their ability to store energy.

1.2. Lithium-ion batteries and their limitations

Ever since LIBs were first commercialized in 1991 by Sony?, they have played an
important role in modern civilization. This section presents an overview of the basic
aspects of LIBs, such as their mechanism and production using an organic solvent as the
electrolyte. Figure 3 shows an illustration of existing LIBs. Representative key
components are the cathode, anode, electrolyte, and separator®. Li-containing transition
metal oxides such as LiMO>, graphite, and organic solvents containing dissolved Li salt
function as the cathode, anode, and electrolyte, respectively. Microporous polymer
materials such as polyethylene (PE) or polypropylene (PP) have been applied as

separators in LIBs. The charge-discharge reaction is presented below?.

Cathode electrode : Li_.MO; + xLi* + xe- & LiMO»
Anode electrode : Li,C¢ & xLi"+xe + Cs

Total reaction : Li;_xMO; + LixC¢ © LIMO; + Cg

The Li ions within the crystalline structure of the cathode are extracted and
transported through the electrolyte during charging, and then inserted into the inner parts
of the anode (graphite edge site)®. At the same time, electrons are transferred from the
cathode to the anode through an external circuit. During discharging, the opposite reaction
occurs. The battery can store and extract power owing to the movement of Li ions and
electrons from the anode to the cathode within the battery and through the external circuit,

respectively.

Currently, the anode and cathode are being actively studied toward enhancing
their capacities to improve energy density and power density for LIBs. These would be

the next-generation electrodes for LIBs. Researchers have searched for an anode material



that can provide a higher capacity than graphite, which is currently widely used for the
anode. Lithium metal and silicon have been considered promising anode candidates for
the following reasons. Lithium metal has a significantly high theoretical capacity (3,840
mAhg 1), low reduction potential (—3.045 V versus standard hydrogen electrode (SHE)),
and low density (0.59 g-cm™3). Above all, because lithium is the main material in LIBs,
there is no need to consider polarization due to intercalation and deintercalation. However,
the critical problem for LIBs is lithium dendrite formation, which is directly connected to
safety problems and obstructs their utilization. Thus, to avoid lithium dendrite formation
in LIBs, silicon has been suggested for the anode*®. Silicon also has a high theoretical
capacity (4,200 mAhg™) and low reduction potential (0.4 V versus Li/Li*) and is
abundant on Earth. However, it undergoes significant volume expansion during cycling,
which lowers the battery performance. Investigations of these two types of materials for

the anodes of LIBs have concentrated on overcoming the aforementioned issues®.

The studies on anode materials introduced earlier focused on battery safety
concerns and improvements in electricity generation. In contrast, cathode materials have
been more studied because they determine the amount of electricity that can be used after
charging in a battery*®. As a representative cathode, LiCoO2 has a layered structure in
which lithium ions are intercalated and deintercalated. There are many candidates for
next-generation cathode materials, and most of them have this layered structure. In
particular, both LiNixCoyMn,O> and LiNixCoyAl,O> with over 80% Ni have been utilized
in LIBs because of their high capacity of approximately 280 mAhg ™. To improve the
capacities of cathode materials, they should be designed to operate at higher potentials;
however, most currently used electrolytes are inadequate because they are oxidized at

high potentials?’.

Existing LIBs that use organic solvents as electrolytes are unsafe owing to their
ignitability, which has hindered their application to mid-to-large-sized batteries and
energy storage systems. Furthermore, as shown in Figure 2, demands for better
performance are being predicted, such as for higher energy density suitable for electric
vehicles capable of long-distance driving with short charging times and perfect safety
compared to existing LIBs'*°. However, performance enhancement is limited by safety

concerns. First, fast charging is accompanied by lithium dendrite formation from a high



current density, which is why lithium metal cannot be used as an anode material, despite
being the best anode material for LIB systems. This also prevents the improvement of the
energy density of LIBs. Therefore, next-generation batteries must be developed with
safety, energy density, power density, and operation environment taken into consideration.
Among the candidates for next-generation batteries, all-solid-state batteries, in which
organic liquid electrolytes are replaced with solid electrolytes, have attracted attention
and are expected to be promising. The following section discusses all-solid-state

batteries®®.

1.3. All-solid-state batteries

Shown in Figure 4%, all-solid-state batteries (ASSBs), featuring solid electrolytes
instead of organic liquid electrolytes, had been suggested because of their potential in the
1980s, but several drawbacks such as poor energy density and low ionic conductivity
have prevented practical application®®. Furthermore, the electrodes of ASSBs cannot be
made to be as thick as those in LIBs. While a small amount of a liquid electrolyte can
smoothly impregnate an electrode and act as an ionic conductor, the electrodes in ASSBs
require a solid electrolyte to provide an ionic path. Therefore, the amount of electrode is
reduced due to the addition of solid electrolyte within the electrode, leading to poor
energy density of ASSBs. It makes difficult to the expectation of commercialization. In
the late 20th and early 21st centuries, the development of solid electrolytes brought about
renewed interest in ASSB technologies, particularly for electric vehicles since the 2010s2L.
Furthermore, ASSBs received widespread attention after Toyota demonstrated a
prototype in the 2010s%2. Although there are restrictions related to battery shape to prevent
leakage and operating temperature and voltage because of the risks of ignition and
explosion for organic liquid electrolytes, solid electrolytes theoretically have no risks of

burning, leaking, or corroding®2°, making ASSBs safer than existing LIBs.

Various types of ASSBs can be tailored, such as with flexible shapes or bipolar
stacking, for different needs. The use of bipolar layers contributes to the increase of the
energy density, and the high thermal stability of the solid electrolyte enables utilization

in a variety of environments, such as in a wide range of temperatures. The solid electrolyte



Is the most important component of ASSBs because battery performance depends on its
characteristics, such as the potential window, temperature, and reactivity with active
materials®>3!. An ideal solid electrolyte should have (1) high ionic conductivity, (2)
thermal stability, (3) electrochemical stability, (4) negligible electronic conductivity, and
(5) chemical stability toward the electrodes®.. Based on this, thus far, three types of solid
electrolytes for ASSBs have been discovered and widely investigated from discovering
to developing. In the following section, these solid electrolytes will be introduced along
with their intrinsic characteristics, including the structures and ionic conduction

mechanisms, and the expectations for each from a practical viewpoint.

1.3.1. Overview of solid electrolytes

1.3.1.1.  Oxide solid electrolytes

Oxide-based materials used as solid electrolytes have a NASICON, garnet, or
perovskite structure. NASICON-type solid electrolytes are composed of a phosphate
compound with the chemical formula L1+6xM*"2-xM3*x(PO4)3 in a rhombohedral unit cell,
where L is Li or Na; M*" is Ti, Ge, Sn, Hf, or Zr; and M®" is Cr, Al, Ga, Sc, Y, In, or La®*
0. The major frameworks comprise PO tetrahedra and MOg octahedra sharing a corner,
with Li ions occupying two different sites: the center of the six-coordinated structure with
oxygen between the MOg octahedra and the central site of the eight-coordinated structure
with oxygen between columns composed of the MOe octahedra (Figure 5). Li ions
migrate through these two sites. Lii+xAlxTi2—x(POas)s (LATP) exhibited the highest ionic
conductivities (~10~2 S-cm™) at room temperature. However, the reduction of Ti*" in

contact with the Li metal anodes has restricted the application of LATP®’,

Perovskite-type solid electrolytes have the general formula ABOs. The A atoms,
B atoms, and oxygen atoms are found at the corners, center of the body, and centers of
the faces, respectively, of the cubic unit cell (Figure 6). In perovskite-type solid
electrolytes*~**, Li ions diffuse through a square planar bottleneck consisting of oxygen.
Moreover, the ionic conductivity has been reported to be significantly affected by the
concentrations of the Li ions and vacancies, as well as the size of the bottleneck. This
bottleneck can be controlled by replacing La and Ti ions with Al and Mg, producing
materials that exhibit high ionic conductivities up to 1072 S-cm™ at room temperature®*.

Although perovskite materials are stable at high potentials, they are known to be reduced
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at approximately 1.5 V versus Li/Li"; hence, they are also unsuitable for use with Li and

graphite anodes*.

Garnet-type solid electrolytes possess cubic unit cells with the formula
A3zB2(X04)3, where the A, B, and X sites correspond to an eight-coordinated structure, a
six-coordinated structure, and a four-coordinated structure, respectively*>°. Li occupies
the four-coordinated sites in a typical Li-conducting garnet-type solid electrolyte (Figure
7). However, the mobility of Li in the four-coordinated sites is low. LisLn3Te2O12, in
which Li occupies four-coordinated sites, is known as a poor ionic conductor®®. To
improve the ionic conductivity, insertion of the Li ions into the structure has been
attempted by modifying the valences of the cations in the A and B sites®. The
introduction of pentavalent ions causes the Li ions to occupy some of the distorted
octahedral sites in addition to the tetrahedral sites. The Li ions in the octahedral sites
exhibit high mobility, owing to static repulsion caused by the short Li-Li distance.
Consequently, garnet-type solid electrolytes such as LizLazZr2012 (LLZO) with Li ions
in octahedral sites exhibit relatively high ionic conductivity (~10* S-cm™) at room
temperature. However, these garnet-type solid electrolytes have been reported to be
unstable toward water, as hydrogen-oxygen exchange can occur in the air, and the cathode,
and exhibit high contact resistance with Li metal owing to its grain boundaries, which

also play a role in lithium dendrite formation®°.

In addition, for all oxide solid electrolytes, high temperatures of approximately
1000 °C are required for high ionic conductivity. However, the grain boundary still affects

the interface resistance®?.

1.3.1.2.  Polymer solid electrolytes

The first ion-conducting polymeric material was discovered by Fenton et al. in
1973%2, and this was followed by the practical demonstration of the first ASSB based on
polyethylene oxide (PEO)-Li salt>®. To date, PEO-based electrolytes have been studied
as the representative polymer-based solid electrolytes. These electrolytes can be divided
into dry solid polymer electrolytes, consisting of thermoplastic polymers and L.i salts, and
gel polymer electrolytes with liquid electrolytes and lithium salts®. Herein, gel-type
electrolytes will not be discussed because they feature organic liquids and theoretically



share an ion conduction mechanism with organic liquid electrolytes®* . The advantages,
disadvantages, properties of the structures, and ion conduction mechanisms of dry solid

polymer electrolytes are described below.

Dry solid polymer electrolytes with lithium salts have excellent advantages of
flexibility, light weight, low cost, and processability®®. Most polymers have a crystalline
phase, which leads to low ionic conductivity (10~°to 107® S-cm™) at room temperature®’
%0, PEO-based materials require relatively high temperatures of over 60 °C to achieve
ionic conductivities higher than 1074 S-cm™. This means that ion conduction can occur
under an amorphous phase in this temperature range, and the crankshaft torsional
movement around C—C and C—O bonds in the -CH2CH.O (ethylene oxide) repeating unit
leads to segmental movement in the polymer, enabling ion migration through the
polymeric refractor (Figure 8), where a polar oxygen atom easily forms a coordination
bond with an alkali metal ion®%°. However, the discovery that incompletely dissociated
species in the polymer matrix contribute to ion conduction by providing hopping sites has
led to debate®. Nevertheless, it is obvious that the mobility of lithium ions is strongly

related to the movement of the polymer chains at different temperatures.

However, the mechanical properties, such as the thermal character and ability to
suppress dendrite formation, of these electrolytes are inferior to those of inorganic solid
electrolytes when it comes to producing safe and durable batteries®®. Furthermore, they
have poor electrochemical stability at high temperatures, even though a high operation
temperature is recommended, and their ionic conductivity is insufficient for utilization in

commercial batteries®®. Thus, expectations for these solid electrolytes are low.

1.3.1.3.  Sulfide solid electrolytes

Sulfide-based solid electrolytes can be either crystalline or amorphous. The
structures, advantages, and disadvantages of the various types of sulfide solid electrolytes
are discussed in this section. There are two types of crystalline sulfide solid electrolytes:
LISICON and argyrodite. Since Taches et al.®? reported a LISICON crystalline material
in 1984, Li1nGeP2S12 (LGPS) has received much attention owing to its high Li ion
conductivity, which is similar to those of liquid electrolytes, of 1072 S-cm™ at room
temperature?”5384, The crystal structure of LGPS has a tetragonal unit cell composed of



a PSs tetrahedron, a (M/P)Ss tetrahedron, and a LiSe octahedron. In this structure,
phosphorus atoms completely occupy the 2b sites, germanium and phosphorus atoms in
a 1:1 ratio share the 4d sites, and Li occupies four crystal structure sites (4c, 4d, 8f, and
16h). The Li octahedra and the (P/Ge)S4 tetrahedra in the 4d sites form a one-dimensional
chain along the c-axis with shared edges (Figure 9)?”. The Li octahedron in the 4d site
also forms an a- and b-axis connected structure with the PS4 tetrahedron in the 2b site by
sharing corners. In the LGPS structure, Li ions are conducted through the one-
dimensional chain along the c-axis formed by the shared edges of the 4d-site Li octahedra
and the (P/Ge)Ss tetrahedra?’. The transfer energy for Li ion transport through this one-
dimensional channel has been reported to be very low, resulting in high Li ion

conductivity®.

Argyrodite-type sulfide solid electrolytes with cubic unit cells were reported by
Deiseroth et al. In these structures, phosphorus atoms form a network of isolated PS4
tetrahedra, with halogen atoms at the 4a sites, sulfur atoms at the 4c sites, and Li ions
randomly located at the 24g and 48h sites®%¢; hexagonal cages are formed from the sulfur
atoms at the 4c sites and the Li ions around them are connected through interstitial sites
around the sulfur and halogen ions, and Li is conducted through this chain of hexagonal
cages (Figure 10)%. However, despite excellent ionic conductivity, the commercial
application of both LGPS and argyrodite sulfide electrolytes has been limited owing to
inefficient synthesis (solid-state reactions) and low stability toward Li metal anodes at
low voltages.

Unlike crystalline materials, amorphous materials do not have medium- to long-
range ordered structures®® "%, Binary Li,S-P,Ss glass, a representative sulfide amorphous
solid electrolyte, has been reported because of its short-range ordered structure composed
of P,Sy species such as PSz®", P2S7*", P2S¢*, and P2S¢?". Li ion conductivity can be
increased by adjusting the ratio of Li2S to P2Ss, which leads to transitions from P.S7*
icosahedra to PS> tetrahedra (Figure 11)%. Moreover, synthesis requires only a few raw
materials such as Li,S, P2Ss, and other additional materials, unlike the complex synthesis

systems of crystalline sulfide electrolytes.



1.3.2. Composite electrodes with solid electrolyte for ASSBs

Unlike the liquid electrolytes for LIBs, solid electrolytes cannot flow or infiltrate
into gaps and voids, resulting in high interfacial resistance between them and the
electrodes, which can lead to various interfacial problems. Therefore, the electrodes in
ASSBs require a solid electrolyte for ion conduction®®%"2 because conventional
electrodes, made with conductive carbon for LIBs, cannot be used for ASSBs because of
poor ion conduction paths. They are commonly called composite electrodes and are
shown in Figure 4. Figure 14 shows the various interfacial factors for composite
electrodes that should be considered. A solid electrolyte with good interfacial
compatibility would be suitable as an ion conductor, and the choice of electrolyte is of

utmost importance along with the electrode materials.

Oxide solid electrolytes have poor interfacial ductility with heterogeneity and
require high-temperature sintering to obtain a high ionic conductivity and reduce the grain
boundaries®®®1®,  The sintering process is expensive, and poor ductility with
heterogeneity is unfavorable for composite fabrication. Furthermore, the poor ductility of
oxide materials leads to high interfacial resistance, which makes battery use difficult in
ambient environments, and additional interfacial treatment on the electrolyte surface is
required. In the case of polymer electrolytes, interfacial contact with the electrode
materials is relatively favorable because of the flexibility of the polymer chain structure
compared to those of oxide materials. However, a relatively high temperature (60-70 °C)
is required to obtain a favorable interface and operate the battery, which can lead to the
heat deterioration of the polymer and reduction of battery durability and safety®860.62,
Although the high-temperature deterioration of polymer electrolytes has been alleviated
by compounding with ceramic materials, further study is still required®. However, sulfide
solid electrolytes, which have thermal stability, no grain boundary, and high ionic
conductivity, are relatively free from these problems™ ™. Thus, sulfide solid electrolytes
have been widely utilized to fabricate composite electrodes for ASSBs. They are
considered to be close to commercialization owing to their superior chemical, mechanical,

and electrochemical properties.

As discussed above, most sulfide solid electrolytes have relatively high ionic

conductivity, because sulfur exhibits high polarization owing to its large ionic radius and
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is less electronegative than oxygen’?3, Therefore, the interaction of lithium ions within
the structure is relatively weak, resulting in wider ion transport paths than in oxide-based
materials. Moreover, this leads to favorable ductility in sulfide solid electrolytes for
contact with electrode materials. These properties are useful for achieving good contact
between the electrode and the solid electrolyte simply through cold pressing because the
sulfide materials have a relatively low elastic modulus”, making the interface between
the sulfide solid electrolyte and the electrode materials a favorable environment.
Furthermore, because of this favorable approach to controlling the interface between the
electrodes and the sulfide solid electrolytes, composite electrodes have been widely
utilized to fabricate ASSBs. In addition, significant results have been reported for
composite electrodes composed of existing electrode materials’*®, Therefore, ASSBs
with sulfide solid electrolytes are considered to be the closest to commercialization,

provided that several issues are overcome.

Most of the interfacial resistance problems related to the performances of ASSBs
reported thus far come from the composites containing the solid electrolyte and electrode
material. Various factors affect the interfacial resistance of ASSBs. Thus, in addition to
simply manufacturing composite electrodes, the interfacial phenomena need to be
investigated according to the sequential spatial scale of ASSBs within the systematic
frame. From the interface between the electrolyte and electrode, where charge transfer is
considered to occur first spatially, to the phase transition of the electrode due to the
movement of lithium ions, these processes should be interpreted from a macroscopic
point of view. The interfacial problems that occur in the composite electrodes for ASSBs

are discussed below.
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1.4 Electrochemical reaction with spatial temporal scale

ASSBs with sulfide electrolytes are expected to have potential for
commercialization owing to their interface wettability and high ionic conductivity,
enabling battery operation at ambient temperature. Even for these ASSBs, a clear solution
for the interfacial resistance problem is required for commercialization’. To improve the
performance of ASSBs, analysis of the interfacial phenomena occurring within them
should concentrate on the sequential spatial scale, as shown in Figure 1277. A systematic
study and approach for each element is required because it can be the key to solving
interfacial resistance problems, and the application of this concept will be very useful for

ASSBs and understanding complex interfacial phenomena.

Based on previous studies, the first triggered interfacial resistance phenomenon in
ASSBs to consider is the charge transfer phenomenon by adjusting the electrochemical
potential difference between the electrode and the electrolyte’”. This might depend
significantly on the ionic conductivity of the solid electrolyte and the interfacial contact
state. After charge transfer at the interface between the solid electrolyte and electrode,
interphases are formed through phase transition from the decomposition of the solid
electrolyte due to the redox potential of the electrode, which is a significant problem
because the decomposition products will show interfacial resistance. Unfortunately, this
is inevitable because most sulfide solid electrolytes have a narrow potential window?”. In
other words, unwanted reactions occur at the interface between the solid electrolyte and
the electrode before and after charge transfer. Furthermore, these decomposition products
can disrupt the homogeneity of the reaction distribution in a composite electrode, which
is the main reason that the thickness of the electrode cannot be increased. Unfortunately,
a thin electrode cannot meet the energy density requirements of ASSBs. This
inhomogeneous reaction distribution in a composite electrode is the main cause of high
interfacial resistance, which leads to battery performance deterioration during cycling’.

To address the various interface issues, comprehensive investigations based on
the sequential spatial scale in ASSBs are required. The main focuses are (1) interfacial
resistance caused by charge transfer originating from the difference in potential due to

lithium ion transport from the solid electrolyte to the electrode, (2) phase transition

12



dynamics, affecting lithium ion diffusion, due to lithium ion insertion/extraction during
cycling, and (3) macroscopic interpretation of internal phenomena. The following
sections discuss the interfacial perspective for ASSBs according to sequential spatial

scale and introduce previous studies related to each element to be solved.

1.4.1. Interface between solid electrolyte and electrode

For the alleviation of the interfacial resistance between the solid electrolyte and
the electrode, both the ionic conductivity and the particle size of the solid electrolyte are
important. Homogeneous particles are favorable for fabricating composite electrodes as
well as for improving the energy density of ASSBs. However, thus far, almost all sulfide
solid electrolytes have been prepared by mechanical milling, so-called solid-state
reactions, in which additional thermal treatment is conducted in a vacuum-sealed quartz
ampoule?”87% This process is not only unsuitable for commercialization, but also
unfavorable for obtaining high-energy-density composite electrodes with a high weight
percentage of active materials. Moreover, the particle size cannot be controlled with these
conventional synthesis methods because of the naturally poor interaction between the
solids. This lack of homogeneity in their particle properties, such as in their shape and
size, result in low ionic conductivity, high interfacial resistance, and low energy density’®
81, This is a major drawback for obtaining sulfide solid electrolytes with high ionic
conductivity and favorable ductility. Moreover, as shown in Figure 13, it has been
reported that significant interface problems arise from solid electrolytes in cells, a
significant portion of which (voids between particles) is considered to be the result of
inhomogeneous electrolyte particles. Furthermore, with mechanical milling, it is difficult
to quickly synthesize materials in bulk and to commercialize ASSBs with sulfide-based

solid electrolytes, because of their high cost?%2?,

With the high cost and long synthesis time, the amount of obtainable electrolyte
powder is not satisfactory. In contrast to the solid-state reaction method, liquid-phase
synthesis uses a solvent as a medium, enabling bulk synthesis®®-®. This is beneficial
because it not only leads to lower costs and shorter synthesis times than those of solid-
state reaction methods, but also enables control of the particle size of the materials, which
is difficult with solid phases. Furthermore, provided that this method can be utilized, it
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would be more favorable for improving the energy density of ASSBs because nano-sized
solid electrolyte particles can act as ionic conductors in composite electrodes® 838, For
these reasons, ever since the synthesis of B-LisPSs with tetrahydrofuran (THF) as a
solvent was first reported’, sulfide electrolytes have been synthesized using various
solvents and have shown different ionic conductivities depending on the solvent used;
however, most of the sulfide solid electrolytes synthesized in liquid phase have
significantly lower ionic conductivities than those synthesized using solid-state reaction
methods. Moreover, the cause of the low ionic conductivity is difficult to determine
because materials obtained through liquid-phase synthesis are amorphous and cannot be
obtained for specific information analyzed using conventional analysis methods such as
X-ray diffraction (XRD), Raman spectroscopy, or scanning electron microscopy (SEM).
However, using pair distribution function (PDF) analysis, Yamamoto et al. found that
LisPS4 synthesized in the liquid phase shows significantly higher crystallinity than that
prepared through a solid-state reaction; hence, the distance between each PS;*
tetrahedron was shorter, resulting in low ionic conductivity®®. Later, Takahashi et al.
reported that removing the solvent after synthesis increased the crystallinity of the
materials®®. However, it is still unclear how the solvent used for liquid-phase synthesis
affects the ionic conductivity of the material®’-88, Thus, the properties of solvents, such as
the polarity, solubility, and molecular structure, should be investigated to determine their

correlation with ionic conductivity.

1.4.2. Phase transition dynamics

Either the solid electrolyte or electrode will undergo a phase transition after
interfacial transport. This is attributed to the electrochemical properties of the solid
electrolytes. Figure 14 shows that the inherent electrochemical characteristics must be
considered for the utilization of solid electrolytes as ionic conductors in the electrodes of
ASSBs# . In the following sections, the causes of and solutions for undesirable reactions

due to phase transition phenomena in ASSBs from previous studies are discussed.
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1.4.2.1. Narrow potential windows of solid electrolytes

Almost all sulfide-based solid electrolytes possess a narrow potential window, and
thus, redox decomposition reactions of the electrolyte occur outside of the potential
window®, The decomposition products increase interfacial resistance, reducing battery
life. Furthermore, this makes it difficult to apply to ASSBs equipped with electrode
materials due to their over redox potential less/more than that of sulfide solid electrolyte.
To suppress oxidative or reductive decomposition, it has been reported that the original
potential range can be extended by applying materials with excellent potential
stability’*®8_ First, electrolyte oxidation should be suppressed when the potential
window is relatively high. For example, cathode materials such as LiCoO, and
LiNi1sMn13Co1302 operate at approximately 3.5-3.7 V (versus Li/Li*), but most sulfide
solid electrolytes have a potential window below 3.5 V (versus Li-In/Li*) because of the
use of lithium alloy to prevent decomposition. Thus, cathode materials were coated with
LisTisO12, LINDOg3, Li2SiO3, or LisPOas, which are stable at potentials 2.0-4.0 V higher
than the potential window of sulfide solid electrolytes, and it was confirmed that oxidative
decomposition was suppressed and the resistance at the interface with the electrolyte was
alleviated®-%1, Likewise, solid electrolytes with low potential windows must be
considered for the utilization of anode materials with low reduction potential windows.
In particular, the Li metal anode is the ideal anode for LIBs and ASSBs. In previous
studies, it was found that reductive decomposition products resulting from low potential
affect lithium dendrite growth as interfacial resistance increases®%2. Meanwhile,
Tatsumisago and Wang reported that lithium halides showed excellent stability at low
potentials®*®. Lithium dendrite formation was significantly inhibited in sulfide solid
electrolytes featuring lithium halides at critical current density (CCD)%%. Takahashi et
al. reported that Lil-incorporated LisPS4 forms a stable interface with Li metal and that
lithium dendrite suppression depends on ionic conductivity®®. Therefore, surface
modification of electrode materials by coating with stable materials at high/low potentials
should be considered.

Interfacial phenomena in ASSBs have also been considered (Figure 13). Typically,
the voids, chemical reactions, electrochemical reactions, and grain boundaries are
considered®. In the case of LIBs, a small amount of a liquid electrolyte can easily

infiltrate an electrode and act as an ionic conductor. In contrast, solid electrolytes cannot
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by themselves. Therefore, a composite electrode must contain a certain amount of solid
electrolyte to induce ionic conduction. Interestingly, according to previous studies on
LIBs, battery performance depends significantly on the inherent porosity and anisotropic
tortuosity of the cathode and anode materials, in terms of Li ion kinetics®. In other words,
improper consideration of the anisotropic tortuosity of the electrode materials affects the
homogeneous intercalation/deintercalation reactions of Li ions, leading to reduced battery
safety and durability. For this reason, properties such as softness, ionic conductivity, and
anisotropic tortuosity also significantly impact the performance of ASSBs. However,
their correlations are not yet known. To the best of our knowledge, there have been no
such studies for ASSBs, unlike for existing LIBs.

1.4.2.2. Reductive decomposition of solid electrolyte in composite anode for ASSBs
Thus far, the cathode and anode active materials used in existing LIBs have been
considered for electrode active materials for ASSBs. Hence, there have been several
studies on composite electrodes featuring LiCoO2"®, LiNiy3Co1sMn1302, and Li,S% as
cathodes in combination with sulfide solid electrolytes. Although those all-solid-state
cells showed relatively high specific capacities, the energy densities were insufficient and
still lower than those of the existing LIBs?®1%, QOne reason for this is the application of
lithium-indium (Li-In) alloy to improve reversibility and suppress reactions between the
sulfide-based electrolyte and pure lithium metal. Paradoxically, owing to the utilization
of Li-In alloy (0.62 V versus Li"), the average operation voltage of the all-solid-state cells
is low®’. Because a high operation voltage is favorable for obtaining battery systems with
high energy density, this is not optimal. Moreover, it has been reported that lithium-based
alloys undergo large volume expansion, leading to physical crumbling, accelerating
battery degradation, within composites during alloying/dealloying'®®. This is the primary
reason that lithium-based alloys are not used in rechargeable batteries. Fortunately,
graphite anodes, which are lighter and have a lower reduction potential, can replace Li-
In alloy in ASSBs with sulfide solid electrolytes. Graphite is a typical anode material in
existing LIBs and has a low reduction potential range (0-0.01 V), relatively high
theoretical capacity (372 mAhg™1), and high reversibility after the first cycle. Despite this,
there have only been a few studies on the use of graphite for ASSBs. To the best of our

knowledge, the earliest studies related to graphite anodes for ASSBs were conducted by
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Takada et al. and Seino et al., who reported full-cell-type ASSBs with a graphite anode
and LiCoO cathode and suggested the possibility of graphite as an anode for ASSBs%%10,
Later, Takeuchi et al. reported an ASSB with Li>S as the cathode and graphite as the
anode, which showed considerably high charge and discharge capacities because of the
high theoretical capacity of Li,S (1166 mAhg™), but cyclability was not satisfactory®’. In
a recent study, Otoyama et al. showed that cracks and voids that form within graphite
composite electrodes limit the movement of lithium ions into the electrode during
lithiation and delithiation through operando confocal microscopy!®21%, Haltchi et al.
reported that control of sulfide solid electrolyte particles could improve the
electrochemical performance of graphite composite electrodes; however, the interface
between the electrolyte and graphite was unstable!®®. Most recently, Maresca et al.
reported on the interface stability of graphite for sulfide solid electrolytes in graphite
composite electrodes, examined using linear sweep voltammetry, and the improvement
of the electronic conductivity through the conductive carbons of graphite composites with

cell assembly optimization®.

Most of the previous studies sufficiently show the potential of graphite as an anode
for ASSBs; however, most of the charge and discharge capacities after several cycles are
unfortunately lower than those of LIBs. Although this is probably the result of
decomposition of the sulfide electrolyte due to the low reduction potential of graphite®°,
the problem of performance degradation caused by electrolyte decomposition has not
been addressed. Furthermore, because intercalation/deintercalation of lithium ions in a
graphite anode occurs at a significantly low potential®®%-1% which is almost identical
to the potential of lithium metal deposition, the sulfide solid electrolyte can undergo
reductive decomposition, according to theoretical research®. The decomposition products
can increase the interfacial resistance between the graphite anode and sulfide solid
electrolyte®. Otoyama et al. also demonstrated that the poor contact between the electrode
material and the solid electrolyte during the lithiation process in a composite electrode
leads to performance degradation!®?, This can also be attributed to the cracks chemically
induced by the decomposition products. Therefore, to use graphite anodes in ASSBs for
high energy and power densities, decomposition must be suppressed. To achieve a

performance similar to the theoretical capacity of graphite, the solid electrolyte must not
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decompose; this decomposition may be the main cause of the large polarization of the
graphite anode, resulting from the high interfacial resistance in the composite

electrode%2105,

1.4.3. Reaction distribution inside composite electrode

Although the electrochemical and interfacial properties of the ASSB materials
mentioned above are understood, some aspects of the phenomena occurring within the
battery cannot be explained through these research results®®%6-1% For example, where
the decomposition begins when the battery operates and why lithium dendrites form even
when a solid electrolyte is used are still debated. Furthermore, these investigations and
studies focus mostly on modeling research, such as with density functional theory (DFT)

calculations®8493,

However, these computational studies are limited to microscopic views. For that
reason, they cannot explain all of the phenomena in ASSBs, where various reactions occur.
Therefore, the internal phenomena in solid-state cells should be explained based on direct
observation at the overall scale of the ASSBs, rather than the microscopic scale. The best
method would be the operando method, which examines how the interface in the solid
state changes in real time through direct observation!®. This method has already been
conducted toward understanding the structural transitions of materials two-
dimensionally®. Various visual analyses have been attempted to elucidate the mechanism
of lithium dendrite formation in LIBs and ASSBs (Figure 15). Fortunately, this buried
interface information can be obtained using X-ray computed tomography (X-ray CT) to
probe lithium dendrite evolution, the reacted electrolyte, or the electrode. Although it is
difficult to directly observe lithium dendrite evolution this way owing to the transmission
of X-rays for lithium, information can be obtained directly or indirectly through changes
in other areas in an ASSB. Thus, X-ray CT should also be applied to ASSB electrodes
because interfacial phenomena in solid-state batteries are considered to be more complex
than those in LIBs and lithium metal. Moreover, the scale of these phenomena is
inhomogeneous, according to various experimental environments. Fortunately, X-ray CT

can provide three-dimensional (3D) images by reconstructing solid-state cells from slices
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of materials at the micrometer scale. Thus, this analysis technique is expected to provide

more convincing evidence about internal phenomena that have been difficult to explain.

1.5. Objectives

As stated above, several problems must be solved for the commercialization of
ASSBs. In this doctoral thesis, the author focused on the fabrication of ASSBs using
sulfide-type solid electrolytes. In particular, it was focused on (1) the establishment of an
inexpensive and industrially suitable method for the synthesis of solid electrolyte
nanoparticles in the liquid phase, (2) the elucidation of the factors governing the
properties of composite anodes, (3) the establishment of a method to achieve good contact
at the interface between graphite anodes and solid electrolytes, and (4) the development
of solid electrolytes for the realization of solid-state batteries with lithium metal anodes,
which represent the next generation of anodes. The low ionic conductivity of sulfide solid
electrolytes synthesized in the liquid phase, various interface issues originating from
lithium dendrite formation, and decomposition within solid-state battery cells must be
fully understood. Thus, it is essential to first investigate the effects of solvents on the ionic
conductivity of sulfide solid electrolytes synthesized in the liquid phase and to understand
the structures of the materials synthesized in various solvents. Furthermore, lithium
dendrite evolution and decomposition in ASSBs should be investigated at the local scale
to understand the fundamental origins toward suppressing them. In addition, a more in-
depth understanding of the high polarization induced by the reductive decomposition of

sulfide solid electrolytes in composite electrodes is required.

In the research conducted for this thesis, interfacial and microstructural
phenomena of solid-state cells for ASSBs were investigated from the atomic scale to the
bulk scale. Specific structural information for LisPSs, which was synthesized using
various solvents and incorporated lithium bromide, was obtained through PDF analysis.
Information on the interface between the solid electrolyte and lithium metal or the
electrode before and after electrochemical tests was gathered using X-ray absorption
spectroscopy (XAS). Furthermore, to investigate the overall correlations on a larger scale

for solid-state cells, X-ray CT was utilized to examine the structure at each interface and
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the morphologies of the active materials and solid electrolytes in the solid-state cells,
which are difficult to observe using conventional methods such as atomic force
microscopy (AFM), SEM, and transmission electron microscopy (TEM). Then, the
correlation between the electrochemical properties and the materials was extracted and
explained for the kinetics of lithium ions in the composite electrode using various

electrochemical methods.

1.6. Thesis outline

This thesis has six chapters, which give general discussions of the solvent used
for the liquid-phase synthesis of sulfide solid electrolytes, the role of lithium halides in
lithium dendrite suppression, the suppression ability of lithium iodide for the
decomposition of LisPSs, and the correlation between the anisotropic tortuosity of a

material and electrochemical performance.

Chapter 2 discusses the synthesis of LisPS4 with an acetate solvent system and the
characterization of its structure using high-energy XRD coupled with PDF analysis. Butyl
acetate, with high polarity, led to the highest ionic conductivity and lowest crystallinity.
The correlation between the structural information and properties of the solvent is

discussed.

Chapter 3 discusses the study of LiBr-doped LisPSs4 in terms of improvement of
ionic conductivity, lithium dendrite suppression ability, and structure. The results for
LiBr-doped LisPS4 were compared with previously reported results for Lil-doped LisPSa
toward discussing the structural and interfacial information obtained through PDF
analysis, X-ray absorption fine structure (XAFS), and high-frequency impedance in the

context of the factors affecting lithium dendrite suppression ability.

Chapter 4 discusses the suppression of the decomposition of LisPSs at the
interface with graphite. We attempted to coat the surface of graphite with Lil to suppress
decomposition through simple liquid-phase synthesis. XRD, SEM, and Raman results

clearly showed that the graphite surface was coated with Lil. The effect of the coating
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was revealed through the electrochemical performance. Interface investigations through

XAFS and impedance measurements are also discussed.

Chapter 5 discusses the lithium dendrite evolution in the graphite composite
electrode observed via operando X-ray CT measurements. Based on the obtained X-ray
CT images, the starting point for reductive decomposition and lithium dendrite formation
on the graphite surface was identified; the lithium filaments grew from the edge of
graphite. Consequently, the decomposed layer and lithium filaments disrupt the
homogeneous reaction distribution in the composite electrode.

Chapter 6, the correlation between the anisotropic tortuosity of all materials for
ASSBs and the electrochemical properties is suggested. X-ray CT was applied to examine
the internal morphological change, from which the tortuosity was extracted and calculated.
The electrochemical properties were then compared with the obtained data. The

relationship between anisotropic tortuosity and the ion kinetic mechanism is discussed.

In chapter 7, all conclusions drawn from experimental results are gathered and
expectations of commercialization and directions of further study for ASSBs are

suggested.
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Figure 5. Crystal structure of NASICON-type solid electrolyte, using LATP as an

example3®
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Figure 6. Crystal structure of perovskite-type solid electrolyte, using
LisxLagss)-x0(1/3)-2XTiOs (x = 0.11) as an example®’
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Figure 8. Schematic illustration of lithium-ion conduction mechanism for PEO-based
polymer electrolyte>
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Chapter 2. High lonic Conductivity of Liquid-Phase-
Synthesized LisPSs Solid Electrolyte, Comparable to
That Obtained via Ball Milling

Recently, several sulfide solid electrolytes have been synthesized by liquid-phase
synthesis for the commercialization of all-solid-state batteries. Unfortunately, the ionic
conductivity for most of these solid electrolytes is unsatisfactory compared to that of solid
electrolytes synthesized by conventional ball milling. This problem is attributed to
different mechanisms between the liquid phase and the solid phase in reaction and
formation. However, to the best of our knowledge, the effect of the solvent on the ionic
conductivity of solid electrolytes has not been extensively investigated, although the
identification of these properties is a key point in understanding the liquid-phase synthesis.
Herein, the correlation between ionic conductivity and crystallinity originating from the
solvents used has been investigated. As a result, the ionic conductivity of the electrolyte
was found to be strongly dependent on polarity (8p) with low crystallinity. The highest
ionic conductivity (5.09 x 10* Scm™ at 25 °C) was obtained using butyl acetate, which
exhibited the lowest 6p. Moreover, the highest ionic conductivity of LisPS4 produced by
liquid-phase synthesis using butyl acetate was very comparable to that obtained by ball
milling (5.14 x 10 Scm™).

2.1. Introduction

Lithium-ion secondary batteries are expected to be applied in electrical vehicles
and smart grid systems. However, the existing LIBs have a safety concern because of the
use of flammable organic liquid electrolytes. All-solid-state batteries, which use inorganic
solid electrolyte, are the most promising next-generation energy storage devices to
achieve high safety!. The key component in the all-solid-state battery is the solid
electrolyte, which is typically synthesized by mechanical milling or by a solid-state
reaction at high temperature'-2. Unfortunately, this conventional synthesis method limits
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the commercial application of all-solid-state batteries because of the difficulty in
upscaling the synthesis process and high cost*2. One of the alternatives to overcome this
limitation is the liquid-phase synthesis using organic solvents®. The liquid—phase
synthesis of sulfide solid electrolytes has several advantages with respect to the
conventional ball milling method in terms of synthesis time, controlling morphology, and
scalability®>. In addition, the liquid—phase is useful to prepare a composite between
electrolyte and electrode. Composite electrodes prepared by the mechanical milling
method typically need to be mixed with 30—60 wt% solid electrolyte to maintain lithium-—
ion conduction pathways in the composite electrode®’. However, liquid phase processes
can cover active materials with solid electrolyte more easily than mechanical milling.
This is useful to minimize the amount of solid electrolyte needed for preparation of the
composite, leading to an improved energy density of all-solid-state batteries

So far, the thiosulfates LisPS4+>8, LizP3S11%12, Li7P2Ssl*? 24, LiaPSal'4, argyrodites
LigPSsX (X = CI, Br, and 1) and the thio-LISICON Li;oGeP.Si2 family
(Liz.25Geo25P0.7554) 8 have been synthesized and reported. Among these electrolytes, the
argyrodite-type solid electrolyte exhibits high ionic conductivity ~102-103 S cm™,
however, it has critical threshold such as the multi-step synthesis using two different
solvents, which is not suitable for commercialization!’. Conversely, Among the LiS-P2Ss
systems, LisPSs is the most stable compound and requires only a one-step synthesis
process*1820 Despite its advantages, another critical limitation of LisPS4 produced by
liquid-phase synthesis is its lower ionic conductivity than that produced by the ball
milling process’”". Most of the previous studies have not only successfully accomplished
improving the LisPS4 ionic conductivity by using organic solvents such as ethyl
propionate?, ethyl acetate®, dimethyl carbonate??-23, acetonitrile®, and tetrahydrofuran®’
but also suggested the model of interaction between the functional group of solvents and
raw materials (Li2S, P2Ss) in liquid media?23, However, the ionic conductivity (1.6-2.0
x 10 S cm™) still remains unsatisfactory compared to that of ball milling.

Among a lot of efforts to clarify the origin of low ionic conductivity of LisPSa,
we had previously investigated the causes of the low ionic conductivity of solid
electrolytes prepared by liquid-phase synthesis through the Pair distribution functions
(PDF) analysis, which was known as a suitable analysis tool for amorphous materials?*-

27 In there, thermal treatment to remove the remaining solvents in vacuum mood led to
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an increase in crystallinity with a decrease in ionic conductivity. Furthermore, we
demonstrated that ionic conductivity can be improved by modifying the annealing
conditions for the electrolyte synthesized by the liquid-phase synthesis. However, the
improved ionic conductivity (1.68 x 10* S cm™) was not satisfactory compared to that of
the electrolyte synthesized by ball milling, and the solvent effects on the ionic
conductivity remain unclear.

In this study, we investigated the effects of solvents, namely, ethyl acetate (EA),
isopropyl acetate (IPA), propyl acetate (PA), and butyl acetate (BA) on the ionic
conductivity of LisPSs prepared by liquid-phase synthesis, and confirmed how the
characterization of materials vary from solvent to solvent. After the synthesis with
mentioned solvents above, the composites (hereafter referred to precursors) were
measured by X-ray diffraction (XRD) to confirm the structure, and thermogravimetry
analysis (TGA) to obtain appropriate annealing temperatures in terms of the thermal
dynamic behavior before annealing. The annealed materials were also analyzed by
electrochemical impedance spectroscopy (EIS), XRD, Raman, and scanning electron
microscopy (SEM) to investigate their electrochemical and chemical properties and
microstructures, accompanying with PDF analysis based on high energy X-ray diffraction.
To gain insight on the relationship between ionic conductivity of the materials prepared
by liquid-phase synthesis and solvent properties, the correlation between the Hansen
solubility parameter?®- of the solvent and ionic conductivity was evaluated for each

solvent.

2.2. Experimental Section

2.2.1. Liquid phase synthesis with each acetate solvent

Li3PS4 was synthesized by mixing Li>S (Sigma Aldrich, 99%) with P»Ss (Sigma
Aldrich, 99%) in a molar ratio of 3:1) and adding a zirconia ball of 4 mm in the solvents
such as ethyl acetate (hereafter referred to EA), propyl acetate (hereafter referred to PA),
isopropyl acetate (hereafter referred to IPA), and butyl acetate (hereafter referred to BA).
All solvents were purchased from Sigma-Aldrich. The reaction times were optimized

according to the solvent used (6 h for BA, and 12 h for EA, IPA, and PA), and the reactions
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were performed at 30 °C. The white precipitates were obtained and extracted into
centrifugation tube, followed by centrifugation (Sigma, 3-30K) under 10,000 rpm for 5
min and drying under vacuum. Annealing of the as-dried powders was performed at
100 °C from 1 h to 24 h. The final product yields were ~85-90% in a 1.0 g scale.
Additionally, as a reference material for comparison, Li3PS4 was prepared by mechanical
milling of Li2S and P»>Ss with 600 rpm rotation speed for 10 h, using 45 mL of zirconia.

All processes were performed in an air-filled glove box.

2.2.2. TGA, XRD, and Raman measurements

TGA of the precursors was performed using a Thermo plus EVO 02 (Rigaku)
system, in which the argon gas was purged to the TGA chamber after transferring the
alumina pan loaded with the precursor powder in the glove box. The weight loss of the
precursor was monitored over 25-250 °C. XRD measurements were performed using a
RINT-Ultima III (Rigaku) system with CuKa radiation at 40 kV and 40 mA. Raman
spectra were collected using a DXR3 (Thermo scientific) device with 532 nm laser. All
samples were prepared on a special holder fabricated to prevent the reaction of the
compounds with air in the glove box. SEM measurements were performed using a
SU8220 (Hitachi High-Technologies) system in order to evaluate the microstructure of

each material.

2.2.3. High-Energy X-ray diffraction coupled with Pair distribution
function (PDF) analysis

The high-energy XRD experiments for LisPSs prepared with each solvent were
performed at room temperature by a SPring-8 high-energy XRD beamline BL04B2
system using a two-axis diffractometer?. The incident X-ray energy obtained using Si
220 crystal monochromator was 61.4 keV?42°, The scattering X-ray was detected by a
flat panel detector. The scattering data were collected in terms of background, absorption,
multiple scattering, and inelastic scattering. The calculations were performed according
to previous studies?’, as follows. The structure factor, S(Q), was obtained from the
standardization of the collected scattering data using the number of atoms and scattering
intensity of one atom. Moreover, the reduced PDF, G(r), was calculated using the Fourier

transform of S(Q). G(r) was defined by the equation G(r) = 4mrpo[p(r)/po -1], where r, po,
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and p(r) are the real-space distances, average atomic number density, and local atomic
number density, respectively. Therefore, the data for the existing probability of the real
distance were obtained using high-energy XRD measurements correlated to PDF analysis.
Additionally, the crystallinity of the materials was calculated using the obtained PDF

results, according to a previous study?, by the following equation (1):
Gexperimental data(r) = (1—)() Gall miIIing(r) +x Gcrystal(r) (l)

where Gexperimental data(r), Gball mitling(r), and Gerystai(r) are the experimental data for the
synthesized materials in each solvent, ball milling, and LisPS4 annealed at 270 °C, which
was obtained from the previous study?® owing to the LisPSa crystallinity of nearly 100%,
respectively. Lastly, the fraction of the crystalline phase (y) was determined. Equation (1)
also provides the error of the experimental result, Gexperimental data(r), by comparing the

calculated value with the obtained the fraction of the crystalline phase, .

2.2.4. lonic conductivity

Individual Li3PSs samples prepared with each solvent were added to the
electrochemical cell with 10 mm diameter and pressed with two stainless-steel rods on
both sides at 360 MPa in an argon-filled glove box. The ionic conductivity measurements
were performed by alternating current impedance at 25 °C in the frequency range between
1 MHz and 0.1 Hz with an amplitude of 100 mV* using a ModuLab XM ECS (Solartron
Analytical) system. The Nyquist plots exhibited a semi-arc pattern at high frequencies
and a straight line at low frequencies. The total conductivity was determined using the
intercept between the semi-arc and straight line as the total resistance obtained in the

Nyquist plots.

2.3. Results and discussion

The weight loss due to heating of the precursors synthesized using each solvent
was measured by TGA, as shown in Figure 1. Interestingly, the weight loss behavior is
not compatible with inherent solvent’s boiling point (EA: 77 °C, IPA: 89 °C, PA: 102 °C,
and BA: 127 °C). This implies that the chemical interaction between the sulfur
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compounds and the solvent in precursor structure must be different. Moreover, the weight
loss for each solvent at 150 °C was also different, 30 wt% of EA, 36 wt% of IPA, 38 wt%
of PA, and 45 wt% of BA. DTA (Figure 1b) shows that endothermic peaks for all
precursors were observed at around 100 °C, in the order of BA (100 °C) < PA (104 °C)
< IPA (106 °C) < EA (112 °C). Moreover, the calculated numbers of coordinated solvent
molecules for the precursors, based on TGA at 150 °C, followed the order BA < PA <
IPA < EA (Figure 2). These results imply that the strength of the chemical interaction
between the sulfur compounds and the solvent in the precursor structure increases in the
order BA < PA <IPA < EA. This is attributed to each solvent’s polarity, which will be
discussed later with respect to the Hansen’s solubility parameter. The XRD patterns were
studied to verify the presence of raw materials (Figure 3). Both Li2S and P>Ss must react
completely in the liquid phase for the optimization of the liquid-phase synthesis; if these
materials are remained, their ionic conductivity would be lower because of remained Li>S
with low ionic conductivity (10° Scm™)?’. The peaks corresponding to Li,S and P2Ss
were not detected in all XRD patterns. Thus, the liquid-phase synthesis using each solvent
proceeded satisfactorily and different precursor structures, which might be related to the

solvent molecular structures, were observed depending on the solvent used.

The annealing of the synthesized precursors was carried out at 100 °C; this
condition was determined because all solvent molecules were decomposed at
around 100 °C (Figure 1). Next, the ionic conductivities for all materials were
measured by EIS (Figure 4 and Figures 5 and 6). The ionic conductivity of LizPS4
synthesized with BA was higher than those of other materials, and the ionic
conductivity decreased after reaching the highest value regardless of used solvent.
The highest ionic conductivity followed the order BA > PA > IPA > EA, and the
specific values were as follows, BA: 5.09 x 104 S cm1, PA: 2.52 x 104 S cm-1, [PA:
2.11 x 104 S cm, and EA: 1.42 x 104 S cm-L. It is interesting to note that the ionic
conductivity of LisPS4 synthesized with BA was similar to that with ball milling (5.14
x 104 S cm1). To the best of our knowledge, this is the first time that a solid
electrolyte prepared by liquid-phase synthesis exhibits an ionic conductivity
comparable to that prepared by ball milling. The tendency for the ionic conductivity

to first increase and then decrease with annealing time is attributed to the fact that the

52


https://pubs.acs.org/doi/10.1021/acsaem.0c02771#fig1
https://pubs.acs.org/doi/10.1021/acsaem.0c02771#fig1
https://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02771/suppl_file/ae0c02771_si_001.pdf

decrease of the intermediate and the increase of the crystallinity occurred simultaneously
as the annealing time increased?’. The increase of the crystallinity of the LizPSs from 1 to
24 h annealing time was confirmed by XRD (Figure 7).

In the next step, to determine the factors governing the ionic conductivity of the
solid electrolyte prepared by liquid-phase synthesis, SEM and XRD analyses were
performed for the samples that showed the highest ionic conductivity in each solvent
group. The LisPSs prepared by mechanical milling and that prepared by liquid-phase
synthesis with different solvents have different particle morphologies (Figure 8). Figure
9 shows the pressure dependency of the ionic conductivity of LisPSs prepared by
mechanical milling and liquid-phase synthesis with BA. The ionic conductivities of both
LisPS4 products increased greatly in the pressure from 0 to 100 MPa, and they remained
almost constant in the pressure range from 100 to 460 MPa. This result implies that the
morphology of the sulfide solid electrolyte does not affect the ionic conductivity under
high pressure. Therefore, although the solvent can be selected according to the target
particle shape, it might be not a crucial factor affecting the ionic conductivity.

Figure 10a shows the XRD patterns for the samples that showed the highest ionic
conductivity in each solvent in comparison with the one prepared by ball milling; it can
be seen that the phase corresponds to a typical amorphous structure of LisPSs*. The
evident peaks corresponding to crystalline LizPS4 can be seen in the XRD patterns of EA
and IPA with similar intensity; however, the peak intensity of PA is lower than those of
EA and IPA. Moreover, the peak intensity of BA is the lowest, and a broad peak profile
is shown. The XRD results not only suggest that BA is closer to the amorphous phase
rather than the crystalline phase, but also indicates that the other materials synthesized
with EA, IPA and PA have higher crystallinity than BA and ball milling. Moreover, the
XRD results agree with the Raman spectra (Figure 10b); the strong peak at 423 cm™ is
attributed to the PS,* tetrahedral anion species and is detected in all samples®. In the
Raman spectra, the crystallinity of the materials was confirmed by the full width at half
maximum (FWHM) of the peak, which reflects the structural distribution; for example,
the crystalline materials show sharper and narrower peaks than amorphous materials®.
The peaks at 423 cm™ have different FWHM, and the results are summarized in Table 1.
The BA-based LisPS4 showed the broadest FWHM with a wider area among the liquid-

phase-synthesized materials, but it was lower than that that of ball milling. This is the
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most important factor contributing to the lower ionic conductivity of the BA-based LisPS4
than that of the ball milling.

The results of PDF analysis based on the high-energy XRD patterns not only
supported our findings based on the above XRD and Raman data but also confirmed the
differences from the structural and crystallographic viewpoints, which could not be
confirmed using conventional analysis. After analyzing the data and assignment of each
peak, the detailed results are discussed below. According to previous studies?>?’, the peak
at 2.0 A, which is maintained regardless of crystallization, is associated to the P-S bond
in the PS4* tetrahedral anions, and the peaks at 3.3 A and 4.1 A indicate the S-S bonds
in PSs* and between PSs* tetrahedral structures, respectively. The peak at 3.3 A is
detected regardless of crystallization, whereas the intensity of the peak at 4.1 A increases
upon crystallization. Thus, the ratio of these peaks enables us to determine the
crystallinity of the material and confirms the existence of an intermediate, which is
composed of a mixture of the solvent and solid electrolyte?’. Lastly, the peak at 6.6 A is
associated to the P—P bond and its intensity increases upon crystallization, which indicates
the formation of ordered PS,* tetrahedral anions.

Along with the data for the peaks described above, the PDF results (Figure 11)
show the characteristic PDF patterns corresponding to LizPS4 for all samples, in which a
constant peak intensity is observed at 2.0 A, whereas intensity differences are observed
in the peaks ranging from 3.0 to 5.0 A and those in the 6.6 A region. Compared that of
ball milling with those of liquid-phase synthesized, the intensity of the peaks ranging of
3.0t0 5.0 A and the peaks at 6.6 A shows evident differences, suggesting that the liquid-
phase-synthesized samples, IPA, EA, have predominant higher crystalline characteristics
than non-crystalline characteristics, which is in agreement with the XRD and Raman
results. Crystallinity was increased when the intensity of peak at 4.1 A was higher?’.
Comparing the peaks at 4.1 A, the peak intensities for the ball milling and BA-based
sample were almost equal, and the other solvents-based materials exhibited relatively
higher peak intensities. That is, the materials prepared by ball milling and BA exhibit low
peak intensities and low crystallinity and their ionic conductivity is higher than the others;
these findings agreed with the aforementioned XRD and Raman results as well as with

previous studies® %’. Based on the PDF results, the author investigated the crystallinity
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ratio of the samples using equation (1), in which the crystallinity ratio of the ball-milling
sample was designated to be 0% and was considered as the reference (See experimental
section). The specific crystallinity percent ratios for each sample were as follows, BA-
based LizPSa4: 3.9%, PA-based LisPS4: 36.7%, IPA-based LisPSs: 56.8%, and EA-based
LisPS4: 77.2%, and its relationship with ionic conductivity was plotted for each solvent
as shown in Figure 11b. Furthermore, to determine the error of the calculated crystallinity
ratio, the author compared the Gexperimental data(I’) Values with the calculated G(r) and the
fraction of the crystalline phase, y. As shown in Figure 12, both Gexperimental data(I) and
calculated G(r) for each sample show identical patterns, indicating that the errors between
them were negligible. Therefore, the fraction of the crystalline phase obtained by PDF
analysis clearly explained the reason for the higher ionic conductivity of BA-based LizPSs
than those prepared using other solvents and also for the lower ionic conductivity of BA-
based LisPS4 compared to that of the ball milling. Because of the fine crystallinity of BA-
based LisPSs, it exhibits lower ionic conductivity than that of ball milling. Thus,
crystallinity is an extremely critical factor to the ionic conductivity of LizPSa.

Moreover, the author investigated the key factor, which is employed from
Hansen's solubility parameter components, on the ionic conductivity of LisPS4 prepared
by liquid-phase synthesis by correlating the TGA results. These results were also plotted

using the components of the Hansen solubility parameter from the following equation:
5% = 8p? + &% + oK (2)

Hansen solubility parameter 6 is obtained by the sum of the energy from dispersion forces
dp, polarity dp, and hydrogen bonds 61 among molecules, and it is a useful approach to
predict if one material will dissolve in another and form a solution suggested by Charles

M. Hansen3%-31,

Table 2 summarizes 8, dp, 61, and dp for each solvent, which were plotted against
ionic conductivity in Figure 13. The results revealed the correlation of Hansen’s solubility
parameter components, in particular, ionic conductivity has a strong correlation with Jp.
The crystallinity obtained from PDF is combined with the data shown in Figure 14, in
which lower &p led to a decrease in the crystallinity ratio, thereby improving the ionic
conductivity. This clearly demonstrates that ép is the major factor contributing to the
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crystallinity and ionic conductivity of the electrolyte prepared through the liquid-phase
synthesis method. Because of the low dp of BA, it was favorably eliminated than other
solvents, as observed in the TGA result, (Figure 1), while EA which has high &p is difficult
to be eliminated.

2.4. Conclusion

Acetate solvent systems were used in liquid-phase synthesis, which was
completely optimized under each condition. Among the prepared materials,
LisPS4 synthesized with BA showed the highest ionic conductivity (5.09 x 104 S cm™?),
which is comparable to that of the same material obtained via ball milling (5.14 x 10* S
cm1). This is the highest value of ionic conductivity obtained among the solid electrolytes
prepared by liquid-phase synthesis. Structural and crystallographic data obtained by XRD,
Raman spectral, and PDF analyses were collected. Compared to samples prepared from
other solvents, BA-based Li3sPS4 demonstrated a more amorphous phase according to the
XRD and PDF results and lower crystallinity based on the fwhm of the Raman spectra.
Moreover, the relationship between ionic conductivity and crystallinity ratio was obtained
by PDF analysis, from which BA had the lowest crystallinity ratio (3.9%). Despite its low
value, that fine crystallinity ratio might affect the ionic conductivity. To further
investigate the reason for the BA-based compound having the highest ionic conductivity
and to determine the key factor of the solvent, the Hansen solubility parameter was used
to identify the effect of solubility parameters on ionic conductivity. It was determined that
the lower the polarity, the higher was the ionic conductivity. That is, solvent polarity had
the most significant effect on ionic conductivity, which possibly affects the formation of
the complex during liquid-phase synthesis and the thermodynamic behavior during
annealing. However, elucidation of the Kinetic correlation between the molecular
structure of the solvent and complex formation requires further investigation. the author
believes that the results of this study clarify the reason for the high ionic conductivity in
electrolytes prepared through liquid-phase synthesis and will provide insights into

development of efficient sulfide solid electrolytes.
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Figure 1. (a) TGA and (b) DTA from 25 to 250 °C for the precursors synthesized with
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(brown).
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Figure 8. SEM images of LisPS4synthesised using ethyl acetate (a), isopropyl acetate (b),
propyl acetate (c), and butyl acetate (d) after the annealing process at 100 °C. SEM images
at different magnification of LisPS4 prepared by (e) the ball milling method and (f) the

liquid phase synthesis with butyl acetate.
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Figure 13. Ionic conductivity as a function of the Hansen solubility parameter (a),
polarity (b), hydrogen bonding (c), and dispersion force (d).
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Figure 14. Relationship between solvent polarity (dp) and ionic conductivity and
crystallinity. Solvents are as follows, BA: butyl acetate, PA: propyl acetate, IPA:
Isopropyl acetate, EA: Ethyl acetate.
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Table 1. Full width at half maximum (FWHM) and peak area obtained from the Raman
spectra in the range from 350 to 490 cm*

Samples FWHM Area
Ball milling 13.56 20.56
Butyl acetate 13.09 19.74
Propyl acetate 12.01 15.16
Isopropyl acetate 9.36 13.69
Ethyl acetate 8.40 9.35
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Table 2. Hansen’s solubility parameter components for solvents used in this study

Ethyl acetate Isa(():;;f[g?gl aPcrgtF;)tl(Ie Butyl acetate
Op 15.8" 14.9Y 15.3V 15.8"
Op 5.3V 4.5" 4.3" 3.7Y
OH 7.2Y 8.2" 7.6V 6.3V
0 18.2 17.6 17.6 17.4

1) Charles M. Hansen - Hansen Solubility Parameters_ A User's Handbook, Second Edition, 2007

Solubility (8) was calculated using the data shown in Table S2 by the following
equation:

8 = 8p® + 8% + OH
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Chapter 3. Studies on the Inhibition of Lithium
Dendrite Formation in Sulfide Solid Electrolytes Doped
with LiX (X =Br, I)

A promising method to increase the energy density of all-solid-state batteries
(ASSBs) featuring lithium ions as carriers is to employ Li metal as the anode. However,
this has been accompanied by safety problems like flammable accidents associated with
lithium dendrites originating from reactions with the solid electrolyte, leading to reduced
battery performance. To overcome this issue toward the commercialization of ASSBs,
various approaches have been proposed by many researchers. Among the suggested
solutions, the use of lithium-halide-doped Li3PS4, to suppress lithium dendrite formation,
has attracted attention. Lil-doped LisPS4 has shown the highest lithium dendrite growth
suppression among lithium-halide-doped systems, but the reason for this is unclear. Thus,
the author attempted to clarify the cause of this suppression by comparing LiBr-doped
LisPSs with Lil-doped LisPSs. Investigation using various methods such as
electrochemical evaluation, X-ray absorption spectroscopy, X-ray computed tomography,
and pair distribution function analysis revealed that two factors affect the suppression of
Li dendrite growth: the suppression of the current density distribution by improving the
ionic conductivity and the stable interfacial layer. This is the main reason Lil-doped

LisPS4 shows excellent Li dendrite suppression.

3.1. Introduction

Currently, lithium-ion batteries (LIBs) are expected to be applied as a power
source for electric vehicles and in load shifting in smart grids'=. Therefore, the energy
density and safety of LIBs must be improved®. However, with current LIBs, along with
other safety issues, there is the risk of ignition of the organic solvents used as the
electrolytes*®. Thus, the use of Li metal as the anode has been limited because of the
difficulty in suppressing dendrite formation®. However, lithium metal has great potential

to be used as the anode and obtain batteries with high energy density because of its high
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theoretical capacity (3860 mAh g 1), low reduction potential (—3.04 V), and low density
(0.59 g cm™3).

In recent years, all-solid-state batteries (ASSBs), in which liquids have been
replaced with solids, have received considerable attention’~'2. Because inorganic solid
electrolytes are far from the ignition possibility. they pose no risk of explosion®,
Therefore, ASSBs can be safer than LIBs and exhibit high energy density. Among the
solid electrolytes developed thus far, sulfide-based solid electrolytes are expected to find
practical application owing to their advantages such as high ionic conductivity®*** and
low modulus®®. In particular, Li;S—P.Ss glass electrolytes are expected to reduce Li
dendrite formation because of the reduction in the number of voids and grain boundaries;
simple pressing reduces these voids and grain boundaries owing to the low elastic
modulus of the electrolytes'®. However, Li dendrite formation can occur even if glass
sulfide solid electrolytes are used'>!6. The main cause is the reactivity between Li metal
and the electrolyte owing to the decomposition of LisPS4 into Li.S and LisP when LisPSs
is in contact with Li metal'®’. Recently, it was reported that the addition of Lil to a glass
electrolyte improves the suppression of Li dendrite formation”8, Although the exact
mechanism of this significant improvement is not fully understood, it was considered that
Lil acts as a protective layer against lithium growth. Lil on the surface suppresses the
decomposition of LisPS4 because Lil is thermodynamically stable in the presence of Li
metal and maintains the good contact between Li metal and the electrolyte at the
interface'”!8, Based on these previous studies, we have reported that there is a linear
correlation between ionic conductivity and not only critical current density performance,
but also the reactivity with lithium metal, following comparison with LisPSa. The author’s
result indicated that Lil addition improved the ionic conductivity of the solid electrolyte,
leading to uniform current density distribution®®. However, it has also been reported that
a LioS-P,Ss glass electrolyte doped with LiBr, which is known to exhibit similar
resistance to that of Lil against reduction by Li metal, incorporated into LisPSs is not
significantly effective for suppressing lithium dendrites®®. The reason Lil-doped LizPSa4
inhibits dendrite growth effectively is not clear at present; clarification of this will provide

important design guidelines for solid electrolytes for Li dendrite suppression.
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In this study, LiBr-doped Li3PSs was synthesized through mechanical milling. The
products were annealed at various temperatures to improve the ionic conductivity. The
ionic conductivities of LiBr-doped LisPS4 before and after annealing were measured, and
the structures were evaluated. In addition, the lithium dendrite suppression capability of
LiBr-doped LisPSs before and after annealing was investigated using galvanostatic
cycling tests with Li/solid electrolyte/Li cells. By comparing the results for LiBr-doped
LisPS4 with previously reported results for Lil-doped LisPSa4, The author attempted to

clarify the factors affecting lithium dendrite suppression ability*°.

3.2. Experimental section

3.2.1. Synthesis of (100-x)LisPSs-XLiBr solid electrolyte

(100—x)LisPSs—xLiBr (x = 0, 10, 20, 30, 40, 50, or 60) was synthesized through
mechanical milling of the corresponding molar amounts of Li>S (Sigma-Aldrich, >99.9%),
P2Ss (Sigma-Aldrich, 99%), and LiBr (Sigma-Aldrich, >99.99%) with 90 g of 4 ¢ zirconia
balls at 600 rpm for 10 h. The (100—x)LisPSs—XLiBr products were shaped into 10 @
pellets and then annealed at 160-270 °C for 2 h. All aforementioned processes were

carried out in a glove box filled with argon gas.

3.2.2. Material characterization

X-ray diffraction (XRD) measurements in the 10°-80° range for all samples were
performed using an RINT-Ultima III (Rigaku) with CuKa radiation as the X-ray source.
The measurements were performed using a non-exposed cell to prevent air exposure.
Raman measurements in the 50-1800 cm™* range were performed using a DXR3 Smart
Raman spectrometer (Thermo Fisher Scientific) with a 532 nm diode-pumped solid-state
laser at room temperature. All samples were sealed in glass tubes to prevent reaction with
air. High-energy XRD was carried out at beamline BL04B2 at SPring-8 (Japan). Samples
sealed in 2 ¢ quartz capillary tubes were irradiated with 61.2 keV synchrotron radiation
energy, and the scattered X-rays were detected using seven point-type detectors. The
structure factor, S(Q), was obtained by normalizing the scattering data to the number of

atoms and the scattering intensity from one atom. Moreover, the reduced pair distribution

78



function (PDF), G(r), was calculated using the Fourier transform of S(Q)¥2%. X-ray
computed tomography (CT) measurements were conducted at beamline BL20XU at
SPring-8 (Japan). Laminate cells containing the samples were irradiated with 30 keV
synchrotron radiation, and transmission images were acquired at various angles.
Laboratory-based X-ray CT measurements were performed using an Xradia 520 Versa
(Carl Zeiss Co., Ltd., USA). X-ray absorption spectroscopy (XAS) spectra of the samples
before and after galvanostatic cycling tests in the sulfur K-edge and phosphorus K-edge
energy regions were measured using the partial fluorescence yield method at beamline
BL27SU at SPring-8 (Japan). The samples before and after the galvanostatic cycling tests
were sealed in a glove box filled with argon to prevent exposure to air after the stainless—

steel foil was removed from both sides of the samples.

3.2.3. Electrochemical measurement

Dense pellets approximately 0.7 mm in thickness and 10 mm in diameter were
prepared for all samples by pressing them at 360 MPa with stainless steel rods on each
side in an argon-filled glove box. The alternating current impedance at 25-100 °C in the
1.0 MHz to 0.1 Hz frequency range with an amplitude of 100 mV was measured using a
ModuLab XM ECS (Solartron Analytical). The impedance at a high frequency range of
120 MHz to 0.1 Hz, which was maintained for 1 h after heating to 100 °C, was measured
to determine the interphase layer resistance using a high-frequency impedance
measurement system (Toyo Tech.). The obtained Nyquist plots were used to determine
the total conductivity. The critical current density (CCD) was measured to obtain the
short-circuit current density. The cell preparation and measurement conditions were as
follows. Pellets of the solid electrolyte were prepared by pressing at 360 MPa in an argon-
filled glove box. The thickness and diameter of the pellets were approximately 1.0 and
10 mm, respectively. The pellets were attached to 8 ¢ Li metal on both sides and then,
also covered with 10 ¢ stainless steel (SUS) foil on the other. In addition, the pellets were
placed in a laminate cell and sealed under vacuum. The laminate cell was subjected to
cold isostatic pressing at 80 MPa to effect good contact between Li and the solid
electrolyte at the interface. The Li/solid electrolyte/Li cell was tested via galvanostatic
cycling with the current density increasing by 0.04 mA cm™2 after charging and
discharging for 1 h at 100 °C to evaluate the CCD.
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3.3. Results and discussion

The XRD patterns of (100—x) LisPSs—xLiBr prepared via mechanical milling are
shown in Figure 1(a). The XRD pattern of the sample without LiBr doping (x = 0) showed
a broad peak at around 30°, which was also observed in the XRD pattern of LisPSs in
previous reports' 161822 The broad peak at around 30° was also observed for the LiBr-
doped samples; it shifted to a lower angle as the amount of LiBr increased. In the LiBr-
doped samples with x > 40, peaks attributed to LiBr (JCPDS No. 06-0319) were observed.
These results show that the lattice constant of LisPS4 increased with the introduction of
bromide ions because a bromide ion has a larger ionic radius than a sulfide ion?24, The
appearance of the LiBr peak for samples with x > 40 indicates that the solid solution limit
of bromide ions was exceeded. The ionic conductivities of the prepared (100—x) LisPSs—
xLiBr samples are shown in Figure 1(b). All Nyquist plots are shown in Figure 2. The
ionic conductivity increased as the amount of LiBr was increased up to 40 mol%, and
then decreased with further LiBr incorporation. This behavior is consistent with the
results from previous reports!”!°. Figure 1(c) shows the correlation between the ionic
conductivity and the position of the peak near 30° in the XRD patterns of (100—x)Li3sPSs—
xLiBr (x =0, 10, 20, 30). As the ionic conductivity increased, the peak shifted to a lower
angle, indicating that the increase in ionic conductivity is attributed to the expansion of
diffusion paths caused by an increase in the lattice constant of LisPS4 due to bromide ion
incorporation. The decrease in ionic conductivity when x > 40 is caused by high

crystalline LiBr, which has low conductivity.

The presence of bromide ions in the solid electrolyte changes the local structure of
Li3PSa4, which influences the formation of a lithium-halide-containing film at the interface
through the reaction between lithium metal and the halide-doped solid electrolyte!”!°.
However, it is difficult to obtain information on the local structure of LiBr-doped LisPSa4
from the XRD patterns. Therefore, high-energy XRD and PDF analysis were performed
for LiBr-doped LisPS4 because crystalline LiBr complicates the structural elucidation of
LiBr-doped LisPS4 through PDF analysis, LisPS4 doped with 40, 50 mol% LiBr was not

considered.
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The obtained PDF patterns of (100—x) LisPSs—xLiBr (x = 0, 10, 20, 30) are
presented in Figure 3, which shows representative peaks at 2.0, 2.5, 3.3, 4.1, 5.3, and 6.6
A. For LisPSs, these peaks corresponded to the P-S bond in the PS4*~ units, the Li-S
correlation between PS4 unit, the S-S correlation in the PS4*~ units, the S-S correlation
between the PSs* units, P-S correlation between the PSs*~ units, and the P-P bond
between the PS4* units, respectively!®222°, As the amount of LiBr increased, the peak at
3.3 A reduced, whereas the intensity of the peak at 4.1 A including shoulder peak
increased. This result indicates that the local structure around 4.1 A expands with
increasing x value, corresponding to XRD results. As shown in Figure 3, LiBr-doped
LisPSs demonstrated a peak at a similar position to that of LisPSa. This result suggested
that the correlation within the PSs* anions were unaffected by the addition of LiBr.
Furthermore, to investigate the structure in detail, the author simulated the G(r) of model
structures by using the similar method in the previous report® and compared it with that
of 70 LisPS4—30LiBr as shown in Figure 4. The simulation was conducted by using both
bromine is inserted model between the PSs>~ anions and bromine is exchanged model into
sulfur site in the PS4* anions. The blue and green lines in Figure 4 show the simulated
PDFs from the inserted and exchanged models, respectively. The G(r) of the exchange
model showed a characteristic peak at around 2.3 A whereas the G(r) of the insertion
model showed a characteristic peak at around 4.0 A. In the PDF pattern of the LiBr-doped
LisPSa, there is no peak at around 2.3 A and is at 4.0 A, which corresponds to the insertion
model. The simulation results indicate that the bromide ions did not replace the sulfur
ions in the PS4 units but were inserted between the PS4 units. This behavior is similar
to those of (100—x) LisPSs—xLil*°.

To compare its electrochemical properties with those of 70 LisPS4—30Lil from our
previous work!®, we investigated 70LisPSs—30LiBr and attempted to control its ionic
conductivity by annealing. The XRD patterns and ionic conductivity of 70 LisPS4—30LiBr
after annealing at different temperatures are shown in Figure 5 (see Figure 6 for each
annealing temperature). Figure 5(a) shows that the XRD patterns of 70 LisPS4—30LiBr
did not change after annealing below 180 °C. New peaks, which were attributed to thio-
LISICON II and crystalline B- LisPS4?®?’, were observed after annealing at 200 and
210 °C. Upon further increasing the annealing temperature to 270 °C, the peaks attributed
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to the thio-LISICON II phase disappeared, while the peak intensity for the crystalline -
LisPS4 phase increased and new peaks indexed to LiBr appeared. The ionic conductivity
of 70 LisPSs—30LiBr increased gradually with increasing annealing temperature up to
180 °C, and then increased drastically at 200 °C (Figure 5(b)). The ionic conductivity
decreased at 210 °C, decreased drastically at 220 °C, and decreased slightly as the
temperature was increased from 220 to 270 °C. The gradual increase in the ionic
conductivity may be due to a progression of nucleation for thio-LISICON Il phase?* as
shown in Figure 7, where the intensity of peak at 3.3, 4.1 A is decreased/increased as the
higher temperature. It implies that the free volume was expanded by changing volume of
PS4> tetrahedrons in the 70 LisPS,—30LiBr. Later the drastic increase at 200 °C is
attributed to clear formation of the thio-LISICON Il phase, which has high ionic
conductivity?®. By contrast, the decrease in the ionic conductivity at 210 °C is caused by
the formation of the crystalline B- LisPS4 phase, which has low ionic conductivity2°-222¢,
The drastic decrease is caused by the disappearance of the thio-LISICON Il phase and the
formation of the crystalline B- LisPS4 phase and LiBr.

The dendrite suppression ability of 70 LisPSs—30LiBr before and after annealing
was evaluated through galvanostatic cycling tests using Li/solid electrolyte/Li cells with
stepwise increases in current density at 100 °C. The results are shown in Figure 8. A
voltage drop due to the internal short circuit caused by the formation of lithium dendrites
in the solid electrolyte is shown in Figure 8, based on previous studies!”!°. The current
density leading to the short circuit that caused this voltage drop was defined as the CCD*°.
The CCD was used to evaluate the dendrite suppression ability of the LiBr-doped LizPSs
electrolyte. The CCDs of LisPSs and 70 LisPSs—30LiBr before annealing and after
annealing at various temperatures are shown in Figure 9(a). The CCD of 70 LisPSs—
30LiBr before annealing was higher than that of LisPSs. For annealed 70 LisPSs—30LiBr,
the CCD increased with annealing temperature up to 200 °C and then decreased at higher
temperatures. Furthermore, the linear relationship between the enhanced ionic
conductivity after annealing and the CCD was confirmed, as shown in Figure 9(b), and
compared to the results from our previous study on Lil-doped LisPS4*. For 70 LisPSs—
30LiBr, the CCD increased with increasing ionic conductivity and was higher than that

of Li3PS4 for the same ionic conductivity. Although this trend is consistent with Lil-doped
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LisPSa, LiBr-doped LisPSa4 shows lower CCDs'®. Meanwhile, higher CCDs are noticeable
in Lil and LiBr-doped LisPSs despite lower ionic conductivity than that of LisPS..
According to previous studies, this is attributed to stabilized interface with lithium metal
by thermodynamically stable Lil. LiBr, which has thermodynamic stability similar to that
of Lil¥32, will stabilize the interface with lithium metal. To explain this with interface

morphology, we conducted an X-ray CT and XAS analysis on the interface.

X-ray CT and XAS were performed to examine the differences in the CCDs of
LisPSs, 70 LisPSs—30LiBr, and 70 Li3sPSs—30Lil. X-ray CT measurements were
performed on 70 LisPSs—30LiBr and LisPSs without annealing after galvanostatic cycling
tests; an internal short circuit occurred at 0.72 mAcm™ in LisPSs while, it was not
occurred even at 1.20 mAcm2, at which LisPSs sample was collected, in 30LiBr-doped
Li3PSa, as shown in Figure 10. Additionally, in order to compare with the interface state
of Lil-doped Li3PS4, unannealed 30LiBr-doped 70 LisPS4 was also employed. Before the
CCD tests, there is no morphological difference between Li/Lil-doped LisPSs and
Li/LiBr-doped Li3PSs interfaces, which was confirmed by X-ray CT (Figure 11). After
the cycling test shown in Figure 10(a), the X-ray CT images were recorded as three—
dimension in Figures 10(b) and (c), in which the terms for LizPS4 and lithium metal were
marked based on our previous study™®. Then, the cross-sections for blue and red dash lines
are listed next to each three—dimension images as the direction of X—Y, and Z—Y.
LisPS4 showed enormous cracks and an unstable interface state, whereas 70 LisPSs—
30LiBr showed a stable interface without cracks. It clearly demonstrates the stable
interface state suppressed by LiBr unlike LisPSs. Moreover, the difference before and
after the cycle is also subtle as shown in Figure 11. To investigate decomposition products
during galvanostatic cycling, the P K-edge and S K-edge XAS spectra were obtained
about a partial fluorescence yield (PFY), reflecting information that can understand the
depth about 1 um of the samples (Figure 12). In the P K-edge XAS spectrum of LisPS,
the peak intensity at around 2148 eV decreased, while a shoulder peak attributed to LizP
was also observed at around 2145 eV after the galvanostatic cycling test (Figure 12(a)).
In the S K-edge XAS spectrum of LisPS4, the peak intensity at around 2471 eV decreased,
while a peak attributed to Li>S was observed at around 2472 eV after the galvanostatic
cycling test. By contrast, in the P K-edge and S K-edge XAS spectra of 70 LisPSs—30LiBr,
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slightly changes attributed to decomposition of the solid electrolyte were observed after
the galvanostatic cycling test (Figure 13). The slightly changes compared to the LisPSs
changes indicated that the addition of LiBr suppressed largely the decomposition of the
solid electrolyte. These results show that the addition of LiBr to LisPSs suppresses the
formation of cracks at the lithium/solid electrolyte interface and the reduction reaction
between the electrolyte and lithium metal, similar to the addition of Lil to LisPS4'2°,
From these results, we were able to clearly identify the cause of the interfacial stability
that prevented the formation of the decomposition products, LizP and Li>S. However, the
differences between Lil and LiBr could not be explained. Thus, we used high-frequency
impedances (120 MHz to 10 Hz) for a deeper analysis of the interphase of Lil- and LiBr-
doped Li3PS4 systems.

To analyze the resistance of the interface for each solid electrolyte, we attempted to
measure the time-dependent impedance at high frequencies; the results are shown in
Figure 14, Figure 15, and Table 1. Two semicircles were observed for each electrolyte,
which is consistent with the results of previous studies®*~*°. The impedance spectra were
fitted with an equivalent circuit®, shown in Figure 16. The higher and lower semicircles
are attributed to an interfacial layer and grain boundary, respectively. In the case of LizPSa,
the resistances of the interfacial layer and grain boundary largely increased as the time
increased as shown Figure 15. On the other hand, in the cases of LiBr-doped LizPSs and
Lil-doped LisPSs, the resistances of the interfacial layer and grain boundary slightly
increased with the time increased. The resistances of the interfacial layer and grain
boundary decreased in the order LisPSs4 > LiBr-doped LisPSs > Lil-doped LisPSas. The
increasing resistance of the LisPSs is due to the Li>S and LisP generated by the reaction
between Li and LisPSs3+-3. The lithium—ion conductivity of Li,S is poor and that of LisP
is relatively low, causing non-uniform current density. In addition, the decomposition
product, LisP, has been reported to have relatively high electronic conductivity of more
than 10* S cm™.3” These properties of the decomposition products accelerate lithium
dendrite formation, leading to low CCDs in bare LisPSas. Although the increase of the
resistance is suppressed in LiBr-doped LizPSs and Lil-doped LizPSa, the interfacial and
grain boundary resistances of the LiBr-doped LisPS4 were higher than those of Lil-doped

Li3PSa4. These differences are may be caused by the ionic conductivity and density of the
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formed interfacial layer because the ionic conductivity of LiBr is lower than that of Lil*’
and the Young’s Modulus of LiBr (38 GPa) is higher than that of Lil (27 GPa)*.
Therefore, high resistance by grain boundary of formed LiBr layer with low density might
induce slow lithium-ion transport, leading to inhomogeneous current distribution at the
interface. Thereby the lithium dendrite growth would be favorable in the formed LiBr
layer at interface more than at the formed Lil layer with high density. However, in the
case of the formed Lil layer, it would be formed with homogeneous current density
distribution, leading to alleviated lithium dendrite formation, due to its high density by
low Young's modulus. In a previous study!®, it was also clarified that the suppression of
electrolyte reduction and the improvement of the uniformity of the current density
distribution through the improvement of the ionic conductivity are important factors for
lithium dendrite suppression. In summary, both Lil and LiBr, as the lithium halides, could
attribute to expand the free volume by the insertion of both iodine and bromide between
PS4* tetrahedrons in the LisPSs, leading to improved ionic conductivity. Moreover, the
change of phase behavior with the annealing temperatures was similar to that formed
Thio-LISICON 1I phase from 180 to 200 °C and crystalline phase of B-LizPSs with
crystalline Lil and LiBr at over 220 °C. However, the ionic conductivity of LiBr-doped
LisPSs was lower than that of Lil-doped LisPSs. It might be attributed to difference of
expanded free volume due to smaller atomic radius of Br than that of Lil. In addition to
the improved CCD, stable interfaces were confirmed by X-ray CT and XAS for both solid
electrolytes, but there was a difference in interfacial resistance between them at high
frequency impedance. In particular, in the case of LiBr, a behavior in which the grain
boundary resistance was significantly increased than that of Lil was confirmed. This is
due to the difference in elastic modulus higher than Lil (27 GPa) of LiBr (38 GPa).

3.4. Conclusion

In this study, the properties and lithium dendrite suppression capability of LiBr-
doped Li3PS4 with and without annealing treatment were compared with those of LisPSs
and Lil-doped LizPS4. PDF analysis revealed that the LiBr-doped LisPSs solid electrolyte

has a structure in which bromine is inserted between the PSs>~ anions. The ionic
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conductivity of LiBr-doped LisPSs increased with increasing annealing temperature,
reaching approximately five times the value of the unannealed sample at 200 °C, and then
tended to decrease. The change in ionic conductivity was found to be due to the formation
of a high ionic conductivity thio-LISICON Il phase and low ionic conductivity LisPSs
and LiBr phases. The CCD and ionic conductivity of LiBr-doped LisPS4 showed a linear
relationship similar to that of Lil-doped LizPSa. However, the CCD of LiBr-doped Li3PSa
was lower than that of Lil-doped Li3PSs4, even though their ionic conductivities are almost
equal. In the X-ray CT measurements after CCD tests, cracks at the lithium metal/solid
electrolyte interface were observed in LisPSs whereas they were not observed in the LiBr-
doped Li3PSs. In the XAS measurements after CCD tests, Li>S and LisP, which are
reductive decomposition product from LisPSs, were observed in the LisPSs electrolyte
whereas they were not observed in the LiBr-doped LisPS4. Therese results are similar to
the Lil-doped Li3PSs. The interfacial resistances of the three solid electrolytes decreased
in the order LisPS4 > LiBr-doped LisPSs > Lil-doped LisPSa4. These results indicate that
lithium dendrite suppression is due to the suppression of electrolyte reduction, the
improvement of the ionic conductivity, and the ionic conductivity of the stable interfacial
layer between the solid electrolyte and lithium metal. This information will be useful for

establishing design guidelines for materials for dendrite growth suppression.
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Table 1. The fitted parameter results corresponding to 0 and 24 hours for each Li

symmetrical cell with bare LizPSs, and Lil, LiBr doped LisPSs

LizPS4 30LiBr-70Li3PS, 30Lil-70LisPS,
0 hour 12 hours 0 hour 12 hours 0 hour 12 hours
Rbulk 171.0 188.8 92.56 94.032 46.255 47.04
Rinterphase / Q 3698 5473 687.4 838.6 237.4 248
CPE1 5.07 x 1012 5.43x101% 1.10x1012 3.31x10°10 8.61x1011 1.48x107°
P1 0.891 0.878 0.996 0.849 0.955 0.882
Capacitance / F 7.61x1012 5.83x1012 1.012x1012 2.23x1011 3.73x1011 6.782x1011
Rarain boundary / Q 27472 82214 1258 5819 280.9 312
CPE1 3.97x1010 2.60x1010 4.53x10°8 1.65x107 1.43x107 3.33x107
P1 0.817 0.878 0.672 0.582 0.696 0.670
Capacitance / F 3.18x1011 2.94x1011 3.84x10°10 1.11x10° 1.73x10° 3.61x10°
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Chapter 4. High Rate Capability of Graphite Anode by
Lithium lodide Surface Modification for All-Solid-State

Batteries

All-solid-state batteries (ASSBs) have been attracting attention as a potential
paradigm for batteries in the future as they are safer, because they do not leak and are
stable at high temperatures compared to lithium-ion batteries (LIBs) that use liquid
electrolytes; further, the use of a bipolar structure is expected to improve energy density.
For ASSBs, graphite is one of the most promising practical anode materials because of
its superior power density in LIBs. However, the power density of ASSBs is
unsatisfactory for practical applications, and is lower than that of LIBs. One reason for
this is the slow lithium-ion transport at the interface between the graphite anode and solid
electrolyte. Because of the low redox potential for lithium-ion intercalation into graphite
(close to the lithium reduction potential), sulfide solid electrolytes undergo reductive
decomposition, which impedes lithium-ion transport at the interface with graphite. To
address this problem, we attempted to coat Lil, which is stable at the lithium deposition
potential, directly onto the graphite surface, and examined the effect on the sulfide solid
electrolyte and electrochemical performance. The electrochemical measurements showed
that the graphite composite without Lil showed a discharge capacity of 248 mAhg—1,
while that with 5 wt% Lil showed a relatively high discharge capacity of approximately
348 mAhg . Impedance spectroscopy and S and P K-edge X-ray absorption spectroscopy
indicated that the Lil-coated graphite composites displayed stable interface behavior, in
contrast to the uncoated graphite composite, after the lithiation process.

4.1. Introduction

Lithium-ion secondary batteries (LIBs) have been used in a variety of electronic
devices, and are also being considered to utilize large power sources such as those for
electric vehicle!. However, the existing LIBs are not able to guarantee its safety due to

flammable organic liquid as an electrolyte, which is serious problem for the large scale
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utilization'2. All solid-state batteries (ASSBs), in which non-flammable solid electrolytes
are used, have been receiving much attention because they complement the safety
problem of LIBs. In particular, the ASSBs using sulfide solid electrolyte such as LizPSa,
Li10GeP2S12, and LigPSsX (X=Cl, Br), had been a lot of attentions due to its high ionic
conductivity, relatively better wettability than oxide systems?>.

For the application of these attractive sulfide electrolytes, various anode materials,
such as Si®’, Li met-al®, and graphite®!°, have been investigated. Si anodes have the
advantages of low potential (0.4 V vs. Li/Li") and high theoretical capacity (4200
mAhg™?), but suffer from volume expansion/contraction during charging/discharging®. Li
metal also has the advantages of low potential (—3.045 V vs. standard hydrogen electrode)
and high theoretical capacity (3860 mAhg™), but dendrite formation occurs during
charging and discharging®. Conversely, for the immediate practical application of ASSBs,
although graphite anodes have lower theoretical capacity (372 mAhg ™), they are
suitable candidates because of their proven high rate performance and cyclability in LIBs.
However, graphite anodes have not shown the same excellent electrochemical
performances in ASSB systems as they have in liquid electrolyte systems, owing to their
large polarization. The origins of this polarization have been reported to be (1) contact
resistance between the graphite and sulfide SE'>"'* and (2) reductive decomposition of
the sulfide SE on the graphite surface at the lithiation potential***°. Although the contact
resistance can be reduced by con-trolling the particle size of the sulfide SE*, the decom-
position reaction on the graphite surface might be accelerated because of the good
interface contact. According to previous studies, most sulfide electrolytes
thermodynamically undergo reductive decomposition at the low potential at which
lithium ion (de)intercalation in the graphite anode occurs!”2°. It has been reported that
halogen-doped electrolytes are stable during the charge and discharge processes of
graphite'®. Even if the lithium halide doped solid electrolytes have an effect on the
suppression for reductive decomposition at low potential window*, there is the limitation
of solid electrolyte selection. For example, when using an electrolyte with high ionic
conductivity, but low reductive stability, such as LiioGeP2S12*°, it is desirable to suppress

the electrolyte decomposition by modifying the graphite surface. Therefore, direct coating
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on the surface of active material would be promising strategy for the compatibility of

various solid electrolytes.

In this study, we demonstrate a simple coating process by liquid phase on the graphite
surface with lithium iodide (Lil) as a coating agent, which has not only high reductive
stability but also good compaction between particle and particle due to its own softness??
5. The graphite was successfully coated with Lil via the simple wet chemical process,
which is characterized by scanning electron microscopy with energy dispersive
spectroscopy (SEM/EDS) and Raman spectroscopy. Then, we analyzed the effect of the
Lil coating on the electrochemical performance of the graphite anode combination with
the LisPS4 that is decomposed at the lithiation potential of the graphite. The optimized
Lil-coated graphite anode shows higher discharge capacity (348 mAhg™) than uncoated
graphite (248 mAhg?) at 0.05 C rate and superior C-rate performance (310 mAhg™ at 0.1
C rate) to non-coated graphite (162 mAhg™ at 0.1 C rate). Electrochemical impedance
spectroscopy (EIS) and X-ray absorption spectroscopy (XAS) clearly showed the
interfacial resistance attributed to the contact between the graphite and sulfide electrolyte,
and the decomposition products of sulfide solid electrolyte was reduced by the Lil-coating,

resulting in the improvement of the power density of the graphite.

4.2. Experimental section

4.2.1. Preparation of LisPSs and Lil coated graphite via liquid phase

The Lil coated graphite was prepared through the wet chemical process. Different
weight percent of Lil (1, 3, 5, and 7 wt%, Aldrich, 99.99%) for graphite powder (CGB-
10, Nippon Graphite Industries, Ltd) was firstly dissolved in acetonitrile, then the graphite
powder was added into the Lil dissolved solution and stirred for 24 hours. The mixture
of Lil and graphite was dried to remove remained acetonitrile on 70 °C for 12 hours. The
LisPS4 as the electrolyte was synthesized by ball milling of the 3:1 molar ratio of Li>S
(Aldrich, 99%) and P2Ss (Aldrich, 99.9%) with zirconia balls for 15 hours at 600 rpm.
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4.2.2. Material characterization

The crystal structure of prepared Lil-coated graphite powders was measured by an
X-ray diffraction (XRD) apparatus, RINT-Ultima III (Rigaku) with CuKa radiation
source. The XRD measurements were performed without sample air exposure. Scanning
electron microscopy (SEM) images and energy dispersive X-ray spectroscopy (EDX)
profiles for the Lil-coated graphite powders were collected using a SU8220 (Hitachi
High-Technologies) system in order to observe the microstructure of each material by
using SU8220 (Hitachi High-Technologies). The XAS spectra of the S K—edge and P K—
edge of prepared composite materials was recorded at the BLON1 beamline of the Aichi
Synchrotron Radiation Center. The Raman spectra were collected by a DXR3 Smart
Raman spectrometer (Thermo Fisher Scientific) using a 514 nm diode-pumped solid-state
laser at room temperature. All the electrolytes were sealed in glass vessels in an Ar-filled

1

glove box and measured between 50 and 200 cm ™ without air exposure.

4.2.3. Electrochemical measurements

Electrochemical measurements were performed by using a two-electrode cell. The
graphite composite electrodes were prepared by mixing Lil-coated graphite and LisPS4,
in which the weight ratio between the Lil-coated graphite and LisPSs was 60 wt% : 40
wt%. The LisPS4 with 100 mg were placed in a polycarbonate tube with a diameter of 10
mm and pressed to form the solid electrolyte (SE) layer, and then the graphite composite
with 10 mg was added on one side of the SE layer and pressed at 360 MPa. A Li—In alloy
was placed on the another of the SE layer and pressed at 10 MPa to prepare for a pellet
with a three-layers (Li-In alloy / solid electrolyte / graphite composite). The Galvano
static cycle test was conducted with cut-off voltages of - 0.62 — 1.0 V vs. Li-In/Li* (0.0
V —1.62 V vs. Li/Li*)! for charge and discharge under the 3 cycles with different current
densities of 0.13, 0.26, 0.51, and 0.76 mAcm2at 25 °C. Furthermore, the cyclability test
was conducted under 0.26 mAcm™2. To measure the resistance, change during first
lithiation process (first charge), an alternative current-electrochemical impedance
spectroscopy (AC-EIS) was performed. The EIS spectra were recorded by Biologic VP-
300 with the AC amplitude of 50 mV in the frequency ranging from 7 MHz to 100 Hz.

112



4.3. Results and discussion

The amorphous structure and ionic conductivity of 5.0 x 10 Scm™ of the
synthesized LisPSs were similar to those in previous reports?’, which were confirmed
using XRD and EIS (Figure 1). The crystal structure of the Lil-coated graphite was
examined using XRD (Figure 2). For all samples, all peaks are attributed to the graphite
in space group P6s/mmc?+?8, The lattice parameters of the Lil-coated graphite estimated
from the XRD patterns did not change as the amount of Lil increased, indicating that Lil
was not incorporated into the graphite structure (Figure 3). The absence of Lil peaks in
the XRD patterns implies that significantly small amount of Lil exists on the surface of
the graphite, which will be discussed later with the Raman results. The morphology of
the Lil-coated graphite was examined using SEM-EDX (Figure 4). As the amount of Lil
increased from 0 to 5 wt%, the amount of iodide on graphite increased, while the
morphology was maintained. However, 7 wt% Lil-coated graphite formed aggregates,
containing small white particles, and had a morphology that was significantly different
from those of the other samples. This might be attributed to the compaction effect of
excess Lil%. Unfortunately, it was not possible to confirm whether Lil was coated at the
edge or on the plane of the graphite through SEM. The Raman measurements were
performed to detect Lil species on the graphite surface. In the Raman spectra (Figure 5),
extremely small peaks, which have been observed for Lil and crystalline alkali metal
iodide compounds?®, were observed at 50 and 200 cm™ for 7 wt% Lil-coated graphite,
but not for 0-5 wt% Lil-coated graphite because the amount of Lil on the graphite surface

may be excessively small for detection.

The electrochemical performances of the Lil-coated graphite samples were
evaluated, and the results are shown in Figures 6, 7, and 8. The charge and discharge
performance of each sample was determined from its first charge and discharge curves
(Figure 6(a)), and the dQ/dV plots obtained from Figure 6(a) are shown in Figure 8. After
the first discharge, the uncoated graphite sample showed a discharge capacity of 248
mAhg, at which the Coulombic efficiency was 90%, with four plateaus at approximately
—0.62, —0.56, —0.52, and —0.43 V. These plateaus indicate the formation of a graphite
intercalation compound with stages I, 11, 111, and 1V, Compared to the uncoated graphite
sample, the Lil-coated graphite samples showed higher discharge capacities (252—-348
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mAhg ™) and Coulombic efficiencies (96-98%) along with lower polarization at 1-5 wt%
Lil (Figures 6(a) and 7). However, increasing the Lil content to 7 wt% decreased the
discharge capacity (271 mAhg™?) and Coulombic efficiency (97%), and increased the
polarization. Furthermore, both rate performance and cyclability tests were performed
(Figures 6(b) and (c)). Compared to the uncoated graphite sample, the 1-5 wt% L.il-coated
graphite samples showed higher discharge capacities at a high current density (Figure
6(c)). However, increasing the amount of Lil to 7 wt% decreased the discharge capacity.
This might be attributed to the excess aggregated crystalline Lil, as shown in Figures 3(i),
3(j), and 5. A detailed explanation for 7 wt% Lil-coated graphite is provided later. The
relatively high discharge capacity of Lil-coated graphite remained for 30 cycles. These
results show that the Lil coating improved the electrochemical performance of the

graphite anode.

To clarify the mechanism of the improvement, we analyzed the interfacial
resistance between the Lil-coated graphite and LisPS4 sulfide SE during the first charge
process using AC-EIS measurements. The Nyquist plots, fitting results obtained using a
previously reported equivalent circuit model*®3°, and obtained interfacial resistances are
shown in Figures 9, 10, and 11 and Table 1. As shown in Figure 9, the interfacial
resistance of the uncoated graphite increased gradually during the middle stage of the
charging process, and then, increased significantly toward the end. The interfacial
resistances of the graphite coated with 1-5 wt% Lil at the early stage of charging
decreased with increasing amount of Lil, and remained relatively constant during
subsequent charge processes. In contrast, although the interfacial resistance of the 7 wt%
Lil-coated graphite did not increase significantly during the first charge process, it was
higher than those of the 3 and 5 wt% L.il-coated graphite at the early stage of charging.
The decrease in the resistance at the early stage of charging for the 0-5 wt% Lil-coated
graphite might be due to the good contact between the Lil and LisPSs SE3L. However, the
increase in the resistance at the early stage of charging for the 7 wt% Lil-coated graphite
might be caused by the large amount of Lil with low ionic conductivity?®?®
(approximately 1077 Scm™?) based on the Raman spectroscopy results (Figure 5) and the
aggregation of the graphite particles (Figure 4). This implies that the small amount of Lil

provided a smooth path for the lithium ions between the graphite and electrolyte owing
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to its ductility, which led to soft contact, while large amount of Lil on the graphite surface
would hinder the mobility of lithium ions at the interface because of the low ionic
conductivtiy?® %, The increase in the resistance of the uncoated graphite could be due to
a decrease in the electrochemically active surface area, caused by the reductive
decomposition of LisPS4, because it is theoretically unstable at the potential at which the
intercalation of lithium ions into graphite occurs®. The Lil coating suppresses LisPSs
decomposition because Lil is thermodynamically stable at the potential at which Li
deposition/stripping occurs®®, thereby preventing increases of the interfacial resistance
during the charging process. These results were in accordance with the electrochemical

performance results.

Moreover, to investigate the effect of Lil coating for the short circuit caused by Li
plating on graphite, we demonstrated a lithium deposition test, in which the cell voltage
during charging is under the voltage of Li deposition, for the LisPSs/uncoated graphite
and the LizPS4/5 wt% Lil coated graphite as shown in Figure 12. A short circuit behavior
was observed in the uncoated graphite composite before providing the theoretical
capacity (372 mAh g) whereas it was observed in the 5 wt% Lil coated graphite after
the theoretical capacity. This is probably because the decomposition of LisPSs on
uncoated graphite increase the polarization and accelerate Li plating, whereas in Lil-
coated graphite, the decomposition of LisPSa4 is suppressed by Lil, which suppresses the
increase of the polarization and Li plating. This result indicates that Lil coating is
effective for suppressing Li plating on graphite.

To examine the reductive decomposition of the LisPS4 sulfide electrolyte during
the first charge process, we performed P and S K-edge XAS measurements for the
uncoated and 5 wt% Lil-coated graphite, which showed the best electrochemical
performance. In the P K-edge XAS spectrum of the uncoated graphite, the peak intensity
at approximately 2148 eV decreased, while a shoulder peak attributed to LisP was
observed at approximately 2145 eV after full charge®® (Figure 13(b)). In the S K-edge
XAS spectrum of the uncoated graphite, the peak intensity at approximately 2471 eV
decreased, while a peak attributed to Li>S was observed at approximately 2472 eV after
full charge. These results indicate that the LisPSs sulfide SE undergoes reductive

decomposition during the charging process of the graphite anode?. In contrast, in the P
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and S K-edge XAS spectra of the 5 wt% L.il-coated graphite, slight changes were observed
after full charge. These results indicate that the Lil coating inhibited the reductive

decomposition of the LisPS4 sulfide SE.

Further, in order to examine the morphological change of the uncoated graphite and
Lil coated graphite during first charging process, we conducted the X-ray computed
tomography for the uncoated graphite and 5 wt% L.il coated graphite powders (Figure 14)
and the uncoated graphite and 5 wt% L.l coated graphite composite after charging process
(Figure 15). In the CT images, voids were observed for the both graphite particles (Figure
14). Compared to the uncoated graphite, the color of the surface of 5 wt% Lil coated
graphite is bright, which is attributed to Lil because of the large absorption coefficient of
X-ray, indicating that Lil covered the surface of graphite. In both graphites, voids were
observed inside the graphite particles, and the Lil coating layer was limited to the graphite
surface, indicating that Lil did not form in the voids inside the graphite particles.
Therefore, the Lil coating might be effective to suppress an introduction of solid
electrolyte into graphite anode during preparing composite electrode with solid
electrolyte. Inthe CT images of the composites after charging process, a large dark region,
in which X-ray absorption coefficient is small, was observed along the interface between
LisPS4 and graphite in Figure 15(a). This region may be attributed to decomposition
products of LisPSs and/or formation of void associated with it, which in any case cause
to poor lithium diffusion in the composite electrode. In contrast, the dark region along the
interface between LisPSs and Lil coated graphite was not observed in the Lil 5wt% coated
graphite composite (Figure 15(b)). These results indicate that the good contact between
graphite and LisPSs is maintained after lithiation in the 5wt% Lil coated graphite
composite.

Figure 16 was prepared after combining the above results. In the case of the
uncoated graphite, because the lithium-ion intercalation potential is lower than the
reduction limit of LisPSs, the LisPSs around a graphite particle was reductively
decomposed to Li»S and LisP during the first charge process, similar to the interfacial
reaction between the Li metal and sulfide SE. The lithium-ion conductivity of Li»S is poor
(approximately 107° Scm™)*2, which increase the interfacial resistance between the

graphite and LisPSs. However, in the case of the Lil-coated graphite, the reductive
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decomposition of LisPSs was suppressed, resulting in high power density. Finally, we
demonstrate the performance of the full cells of 1 wt% LiNbO, coated
LiNi1zCo1sMny302 (NMC)// LisPSa//uncoated graphite and NMC// LisPS4//5 wt % Lil
coated graphite as shown in Figure 17. The full cell with Lil 5wt% coated graphite
composite showed lower polarization, lower irreversible capacity and higher discharge
capacity during first cycling, compared to the full cell with uncoated graphite. Then, the
full cell with Lil 5wt% coated graphite composite showed lower polarization and higher
discharge capacity during second cycling compared to the full cell with uncoated graphite.
These results clearly proved that suppression of reductive decomposition of LisPSs on
graphite by Lil coating is effective to improve the performance of a full cell as well as a
half cell. Moreover, we investigated the compatibility of Lil coated graphite for another
solid electrolyte as shown in Figure 18. Under the LisPSsCl solid electrolyte system, the
Lil 5wt% coated graphite composite demonstrated superior electrochemical performance
than that of uncoated graphite composite. It is attributed to the effect of suppression of
reductive decomposition of solid electrolyte by Lil on the graphite surface. Moreover,
due to its higher ionic conductivity (1.2 x 103 Scm™) than that of LisPS4 (5.0 x 10* Scm
1y, rate performance was significantly improved. This study revealed that coating a
graphite surface with Lil could suppress the decomposition of sulfide SEs and improve

the power density of ASSBs.

4.4. Conclusion

Lil-coated graphite was fabricated using a simple liquid-phase process. Lil was well
dispersed on the graphite surface at 1-5 wt%, but not at 7 wt%. The graphite coated with
7 wt% Lil had an aggregated morphology, where large amount of Lil exists on the surface.
Among the Lil-coated graphite samples, that with 5 wt% Lil showed the highest discharge
capacity (348 mAhg™?) with superior C-rate performance, while uncoated graphite
showed a discharge capacity of 248 mAhg™. To understand the origin of the improved
electrochemical properties, we conducted EIS during the first charge process. Because
Li3PSa is theoretically un-stable at the intercalation potential for lithium ions into graphite,
the interfacial resistance increased, but gradually decreased with the increasing amount
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of Lil coating. Furthermore, XAS results clearly show that LisPSa4 in the uncoated graphite
composite decomposes into Li»S and LisP, while the 5 wt% Lil-coated graphite composite
was stable after lithiation and exhibited the highest discharge capacity (348 mAhg™). Our
findings suggest that Lil can suppress the decomposition of a sulfide SE in a composite,
leading to superior electrochemical performance, and that this coated graphite composite

is compatible with most sulfide SEs that de-compose at low reduction potentials.
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Figure 1. XRD patterns (a) and Nyquist plot (b) for prepared LisPSa.
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Figure 4. SEM and EDX mapping images for the graphite composites: (a-b) uncoated, (c-d) 1
wit%, (e-f) 3 wt%, (g-h) 5 wt%, and (i-j) 7 wt% coated graphite morphology.

127



Lil 7wt%

»/V\/\"’"\’\MW Lil 5wt%

/\"N\’V\va«/v\/ Lil 3wt%
MJ Lil 1wt%

Lil

Normalized intensity / a.u.

50 100 150 200
Raman shift / cm™

Figure 5. Raman spectra in the range from 50 to 200 cm™ corresponding to crystalline

lithium iodide.

128



(@)
Unconated
1244 (il 1 wi%
— Ll 3wi%
——Lil 5wi%
> — Ll 7 wi%
Z 0621
[0)
o)
L)
%5 0.00-
>
062 -
0 50 100 150 200 250 300 1350 400
Capacity / mAhg"
(c) 400
D L 100
D350 | BOVTOVCIVOVTSOOPRITIITIGTVITY
<. g
£ 300 {mEmnnggy "aumnans"nn atmnn nn " g
=250
£ 0000000, 400 99 seesnese o
S 500 | TETTRITIIITTLILNNLE
8
150 P0000q00e® P00t 0e 00000004 04
(0] ® Uncoated
9100' & Lil 1wt%
@© & Ll 3wt% 20
% 501 m Lil 5wt %
brd w Ll 7wt%
=20 ; ; . . . Lo
O o 5 10 15 20 25 30

Cycle number

—_
(o}
~
o
o
o

- 0.13 mAcm2 0.13 mAcm2

D350 { m- -8
= "R 026 macm? -

| E-EH-m !

E 300 o0 |._ a*a-o
250 3T ) |
et = FELC 22

o St B [

ool FEEEew

% it : rl""

i i 3

o 150 - 8- .\ y I,J;!]J

sy %

g 100 - ®- Uncoated gaphlte\:_ ‘_‘\\\._ o .19'JJ

= —@-Lil 1wi% o-‘“o‘i-'-g

© 5q |-@-Li 3w% R 5
g -m- Ll 5wi% LSS
@D Yo H 7w 0.76 mAcn?

0 3 6 9 12 15

Cycle number

Coulombic efficiency / %

Figure 6. First charge-discharge profiles under 0.13 mAcm for each graphite composite
(@), Rate performance at each current density (b), Cyclability and coulombic efficiency

under 0.26 mAcm™ at 25 °C (c).

129



400

P Theoretical capacity, graphite = 372 mAhg™* |
<

< 350- -

~~

>

=

< 300+

o

= ]

o [ |
(D]

o250 m W

(]

e

(&)

%)

D 200 T T T T T

0 1 2 3 4 5 6 7
Coated Lil amounts / wt %

Figure 7. First discharge capacity for the Lil coated graphites under the current density
of 0.13 mAcm™2 at 25 °C.

130



Stage Il Stage Il

Stage IV

dQ/dV / mAhgtv

2000 4 Stage IV
—— Uncoated
—— Lil 1 wt%
-4000 - stage Il — Lil 3 wt%
g —— Lil 5wt%
—— Lil 7 wt%
-6000 L >gel . L

-0.6 -0.5 0.4 -0.3 -0.2
Voltage / V

Figure 8. Total scale dQ/dV plots corresponding to 1st charge and discharge of each

graphite composite with Lil amounts under the current density of 0.13mAcm™ at 25 °C.

131



60

® Uncoated
C A Lil 1 wt%
~ v Lil 3wt% o
(b} ¢ Lil5wt%
O 501 @ Lil7w% °
C e ©
L) e o o
(L) A A A A A
A 40{, 4
G!_J A ® ®
— o ¢ C )
4y v v
© 30‘ vy v
© v
‘Tt
=
20

02 04 06 08 1.0
x In LixCg

Figure 9. Interface resistance behaviors of uncoated and Lil-coated graphite during first

lithiation process.

132



(@) 10015,
® Liy,Cq
804 ® Lij,Cq
® LipsCq
® LiysCq
C 604 @ LigC
-~ ® Liy,Cq °
R Full charged
N 40] *
.
.
o
20+ ....
e
0 Y : ‘
100 120 140 160 180 200
Z'/1Q
(€) 00—
® Liy,Cq
80 ® Lip,Ce
® LipsCs
® LigsCe
C 604 @ LigC
~ ® Liy,Cq d
R Full charged
N 40] o
.
.
. ®
20 *
o
100 120 140 160 180 200
Z'1Q
(e) 10014,
® Liy,Cq °
80{ ® Lig,Cg
® LigsCq
® LiyCs °
(@] 601 ® LiysCq
~ ® Lij,Cq o
R Full charged
N 40] .
.
.
20+ L4
°
l.
0 - ‘ ‘ ‘
100 120 140 160 180 200
Z'1Q

(b) 100

® LigCo
® Liy,Cq
804 ® Lij,Cq
® LipsCq
® LigCe
R ® LiyC
(@ 60 fos 6 N
~ ® Liy,Cq
R Full charged
N 40] .
.
.
.
204 o®
o P —ad”?
0 AL ; : T -
100 120 140 160 180 200
Z'1Q
(d) 100 ® Li0iCe
® Liy,Cq
804 ® Lij,Cq
® LipsCq
® LigCe
C 601 @ LiGCs
~ ® Liy,Cq °
R Full charged
N 40 .
.
.
.
204 .° i
&
0 i :
100 120 140 160 180 200
Z'1Q
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7 wit%.
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Figure 12. Voltage profiles of Li deposition for uncoated graphite composite (Black line)

and Lil 5wt% coated graphite composite (blue line) under 0.23 mAcm™2 at 25 °C.
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5 um

Figure 14. X-ray computed tomography images for (a) uncoated graphite and (b) Lil 5
Wwt% coated graphite. The X-ray CT measurements were carried out at BL20XU on the
SPring-8 using a transmission X-ray microscope with 30 keV of a monochromatic X-ray
beam. The X-ray beam was focused onto the sample using an elliptical glass capillary and
the images were projected onto a scintillator using a Fresnel zone plate. The images were
also recorded using a charge-coupled device camera (2048 x 2048 pixels). The image
with a voxel size of 32 nm and a 65 x 65 pm? field of view was measured. 1800
radiographs were collected using an exposure time of 500 ms during 180° rotation.
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10 um

Figure 15. X-ray CT images for (a) uncoated graphite composite and (b) Lil 5wt% coated
graphite composite after first charging. A large dark region, in which X-ray absorption
coefficient is small, was observed along the interface between LisPSs and graphite in (a).
This region may be attributed to decomposition products of LisPS4 and/or formation of
void associated with it, which in any case cause to poor lithium diffusion in the composite
electrode. In contrast, the dark region along the interface between LisPSs and Lil coated
graphite was not observed in the Lil 5wt% coated graphite composite (Figure 15(b)).

138



Before lithiation During Li* intercalation After all Li* intercalation

Li;P 5 7’ = | stowLi* n?&bflity
& w Lit

Li*

Smooth LiKmobility

Li*
Lit =

Stable interface

Figure 16. Schematics for the Lil coating effect on the graphite surface. It demonstrates
that the suppression effect of Lil coating on the graphite surface, in which the LisPSs
around graphite particles in the composite is begun to be decomposed but, it is suppressed
that the decomposition of LisPSs at Lil (green) coated graphite composite when the

lithiation process was started.

139



4.5

=] st cycle for Full cell with Uncopated graphite
— =2nd cycle for Full cell with Uncopated graphite
= ] st cycle for Full cell with Lil 5wt% coated graphite
1 = =2nd cycle for Full cell with Lil 5wt% coated graphite

B
o

Voltage /V

w
o
|

2.5 : . . . . , .
0 40 80 120 160

Capacity / mAh g*

Figure 17. First cycle charge discharge of full cells corresponding to the uncoated
graphite and Lil 5 wt% coated graphite under 0.05 C at 25 °C, in which the cell operation
was conducted under the 0.05C and cut off voltage was 2.5 to 4.1 V. A cathode composite
electrode was prepared by mixing with 1 wt% LiNbO, coated LiNiy3C013Mn130;
(NMC) and LisPS4 (LPS) and in the ratio of 70 wt% : 30 wt%.
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Table 1. Impedance parameters for each sample according Lil coating amounts based

on the fitting process with obtained Nyquist plots

Uncoated Lio.1Ce Lig2Cs Lio3Cs LiosCs Lio.6Cs Lio.7Cs Lio.75Cs
Rouk/ Q 123.1 123.2 122.1 124.1 1259 125.5 125.6
Rinterfacial / Q 45.09 45.22 45.44 47.09 48.06 50.79 52.3
CPE-T 0.000164 0.000133 0.000277 0.00377 0.00504 0.00529 0.00738
CPE-P 0.536 0.556 0.486 0.461 0.433 0.430 0.397
Capacitance /F 235x10° 2.26x 10° 2.69x 10° 342x10° 3.89x 10° 438x10° 5.25x 10
W-R 31.33 34.33 32.79 31.39 32.12 34.97 38.9
W-T 32.8 30.6 31.5 27.43 323 30.0 29.5
W-P 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lil 1 wt% Lio.1Ce Lig2Cs Lio3Cs Lips5Cs Lio.6Cs Lip.7Cs Lio76Cs
Rouik/ Q 1212 121.6 122.1 122.9 123.5 124.5 1252
Rinterfacial / Q 38.75 40.85 41.96 41.48 41.63 41.88 42.20
CPE-T 0.00301 0.00342 0.00378 0.00392 0.00414 0.00396 0.00327
CPE-P 0.515 0.501 0.486 0.479 0.470 0.473 0.496
Capacitance /F | 459x10° | 487x10° | 472x10° | 445x10° | 426x10° | 4.12x10° | 4.18x10°
W-R 33.9 31.6 27.7 29.5 29.2 34.2 36.0
W-T 28.7 20.7 25.7 25.9 25.8 27.4 28.5
W-P 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lil 3 wt% Lio.1Cs Lig2Cs Lig3Cs Lig.sCs Lig.6Cs Lip7Cs | Lio.saCe
Rouik/ Q 120.1 120.2 117.3 118.5 119.8 121.1 122.5
Rinterfacial / Q 29.71 32.04 32.36 32.77 33.76 33.90 34.02
CPE-T 0.000480 0.000565 0.000479 0.000377 0.000443 0.000376 0.000349
CPE-P 0.442 0.431 0.449 0.461 0.455 0.472 0.478
Capacitance / F 2.26x 10° 2.82x 10° 2.86x 10° 220x10° 2.86x10° 2.84x10° 2.75x10°
W-R 24.5 24.6 239 25.3 25.9 29.5 314
W-T 134 12.7 12.1 12.4 13.0 13.9 13.8
W-P 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lil 5 wt% Lio.1Cs Lip2Cs Lio3Cs Lio.sCs Lio.6Cs Lio.7Cs Lio.96Cs
Rouik/ Q 118.2 119.3 119.1 119.9 119.1 119.7 120.3
Rinterfacial / Q 24.54 25.43 25.87 24.92 25.45 25.07 25.16
CPE-T 0.00131 0.00172 0.00169 0.00226 0.00270 0.00293 0.00187
CPE-P 0.442 0.402 0.402 0.366 0.344 0.333 0.387
Capacitance /F | 1.70x10° | 1.63x10° | 1.60x10° | 152x105 | 1.64x10° | 159x10° | 149x 107
W-R 233 20.9 24.0 26.1 235 26.5 28.4
W-T 9.63 9.01 8.5 7.56 7.27 6.61 6.84
W-P 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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Lil 7 wt% Li.1Cs Lig2Cs Lio3Cs Lio.sCs Lio.6Cs Lio.7Cs Lio.31Cs
Rouik/ Q 119.7 120.2 120.6 121.8 122.0 122.8 123.5
Rinterfacial / 332 36.1 36.8 37.8 36.4 36.4 39.0
CPE-T 0.000890 0.000753 0.000992 0.00123 0.00165 0.00164 0.00213
P 0.441 0.482 0.435 0.400 0.396 0.383 0.329
Capacitance /F 1.03x 107 1.56x 107 1.34x10° 1.24x10° 2.47x 107 1.06 x 10° 1.33x 107
W-R 109.5 104.2 94.96 102 99.31 102.4 97.62
W-T 14.4 13.8 14.9 15.5 15.8 14.4 17.9
W-P 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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Chapter 5. Internal Phenomena of Graphite Composite
Anode for All-Solid-State Batteries via Operando X-ray
Computed Tomography

Recently, all-solid-state batteries (ASSBs) equipped with inorganic solid electrolyte
have been a lot of attention as next generation batteries due to its safety and theoretically
high energy and power density. In order to utilize these advantages of ASSBs, graphite
anode is real solution due to its proven performance in lithium-ion batteries. Therefore,
the electrochemical reaction should be homogeneously formed inside the graphite
composite anode. Unfortunately, it is not free from inhomogeneous reaction distribution
originated from either poor contact between solid electrolyte and graphite or reductive
decomposition of solid electrolyte inside graphite composite anode. Moreover, these
attribute to the lithium deposition, leading to degradation of battery performance.
However, the mechanism of lithium dendrite generation and growth on graphite
composite anode has not been clarified, and guidelines for suppressing them have not
been established. In this study, the behavior of lithium dendrite inside graphite composite
anode was clarified in relation to origin and growth process by Operando X-ray computed

tomography.

5.1. Introduction

Among the various eco-friendly vehicles being developed, the expectation and
possibility of electric vehicles (EVs) operated with electricity is the greatest'3. Although
EVs equipped with lithium-ion batteries (LIBs) are currently in operation, it is difficult
to replace vehicles operated by gasoline with the performance of LIBs, which are
currently limited instability and energy / power density®®. In particular, concerns about
LIB’s stability limit the development of long-distance and fast charging of EVs. To
overcome and replace these limitations of LIB, All-solid-state batteries (ASSBs), which
are replaced from organic liquid electrolyte to inorganic sulfide solid electrolyte, have

been attracting attention as next-generation batteries with more improved performance
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and safety than those of LIBs. Unlike organic liquid electrolytes, which have high risk of
ignition, inorganic sulfide solid electrolytes are substitute in terms of safety because there
is basically no risk of ignition®.

However, solving the safety concerning does not mean that ASSB can be directly
applied to EVs. The current level of ASSBs is poor in terms of the power density even
more than existing LIBs®?®, still remained a challenge to be solved. Thus, improvement
of the power density is very important for ASSB’s commercialization. In this regard, the
choice of appropriate electrode materials is definitely a clue to solving problems. So far,
sulfide solid electrolytes with comparable ionic conductivity to that of liquid electrolytes
have been discovered, and studied in conjunction with existing cathode electrodes that
have been utilized in LIBs!®. Considerable advanced results have been reported to
improve the energy density coupled with existing cathode materials (LiCoO2*2,
LiNio.sC00.1Mno1021%%4, and Li,S'®%) by modifying the surface modification with
Li,SiOsY, LisPO4!®, and LiNbO3!2° to suppress the oxidize decomposition of sulfide
solid electrolytes while, the knowledge and study on anode materials for ASSBs are just
about to start, or at a tardy level than in the case of cathode for ASSB. Even, owing to the
initial expectation of lithium dendrite suppression from replacing the solid electrolyte, a
suitable anode material candidate for ASSB had not been presented except for lithium
metal anode. Although lithium metal is considered an ideal anode for ASSB due to its
favorable properties as follows; low potential window (-3.040 vs SHE), high theoretical
capacity (3,860 mAhg™?), and low density (0.534 gcm=)?, previous studies have been
suggested that the ASSB also cannot be free from lithium dendrites and critical reactivity
of sulfide solid electrolyte for lithium metal??2*, Thus, Li-In alloy, suggested to alleviate
the reaction, has been suggested as the anode for ASSBs?2. However, large volume
expansion (500 % compared to pristine state) during battery cycling and lowered
operation voltage (0.62 V vs Li-In/Li") of Li-In alloy are not suitable for the improvement
of energy density and duration of ASSBs?>?>2°, Likewise, the Si receiving a lot of
attention as next-generation anode replacing lithium metal has also the similar problem
of volume expansion/shrink during battery cycling in spite of its superior advantages such
as low potential (0.4 V vs Li/Li*) and high theoretical capacity (4,200 mAhg™)3-3L,
Compared with the fatal problems of the above anode material candidates, graphite is a

very promising anode material not only in LIB but also in ASSB. Except for relatively
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low capacity (372 mAhg?), its low reduction potential area (0 ~ 0.01 V), superior
reversibility, and structural stability during battery cycling are still attractive as the anode
electrode®> 28, Furthermore, the ability of graphite as an anode has been sufficiently
demonstrated in LIBs. Therefore, it is most favorable to access among the mentioned
promising anode candidates for ASSBs.

To utilize the graphite composite anode for ASSB, high polarization, originated
either the contact resistance between graphite and electrolyte or reductive decomposition
of electrolyte at reduction potential of graphite®2=°, must be improved. Considerable
results have been reported by suppressing the reductive decomposition of sulfide solid
electrolyte in previous studies®3’. However, the electrochemical performance under
relatively high current density was still poor, which was shown regardless of solid
electrolyte’s species. It implies that various phenomena are occurred during lithiation
process. Thus, comprehensive investigations are required to understand the phenomena
inside graphite composite electrode during lithiation. Meanwhile, X-ray computed
tomography has been utilized to understand the phenomena occurring inside ASSBs using
X-ray computed tomography?*4%-42, This analysis technique has the advantage of not only
observation for internal phenomena in real time without destruction of sample but also
three-dimensional image of each element such as electrolyte and electrode material. In
this study, we demonstrated internal phenomena inside the graphite composite electrode

during lithiation with Operando X-ray computed tomography.

5.2. Experimental section

5.2.1. Material preparation

The Li3PSs as the electrolyte, the molar ratio of the Li>S (Aldrich, 99%) and P2Ss
(Aldrich, 99.9%) was 3:1, was synthesized by mechanical ball milling with 60 g of
zirconia balls for 15 hours under 600 RPM. The graphite composite was prepared by
mixing with prepared LisPSs solid electrolyte in the weight ratio of 60 wt% : 40 wt%.

5.2.2. Material Characterization
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The graphite and LisPSs were measured by the XRD with RINT-Ultima 111 (Rigaku)
with CuKa radiation of 1.54056 A at 40 kV and 40 mA on special holder to obstruct the
air from the samples. they were analyzed in the range of 2 theta from 10 to 40 °. The
scanning electron microscopy (SEM) images were collected using an SU8220 (Hitachi
High-Technologies) to observe the morphology both graphite and LisPSa.

5.2.3. Electrochemical measurement

Prepared graphite composite electrode was measured with 2 kinds of cell. First, basic
performance for charge/discharge behavior under different current densities were
evaluated with the general two-electrode cell. LisPSs (100 mg) was placed in a
polycarbonate tube with a diameter of 10 mm, and smoothly pressed to make an pellet as
a solid electrolyte layer. Then, the graphite composite (10 mg) was added on one side of
pellet, and pressed at 360 MPa. Last, an Li-In alloy (Li: 0.2 mm?, 8pi/ In: 0.3 mmt, 9pi)
was attached and pressed at 10 MPa. Galvanostatic cycle tests were conducted with cut-
off voltages of —0.62 to 1.0 V vs. Li—In/Li* (0.0-1.62 V vs. Li/Li*) for charging and
discharging over three cycles at C-rate of 0.13, 0.26, 0.51, and 0.76 mAcm at 25 °C. The
Operando cell for the X-ray C.T was fabricated as follows, the LisPS4 (3 mg) was placed
in the polycarbonate tube with a diameter of 1.0 mm, and pressed to make a SE layer with
35 cN-m by torque wrench. Then, about 0.1 mg of graphite composite was added on one
side of SE layer with 35 cN-m. Last, the Li-In alloy punched with 1.0 mm of diameter

was attached on opposite side of SE layer with 10 cN-m.

5.2.4. Operando X-ray computed tomography

Prepared Operando cell test was focused on the charge process (lithiation process).
Operando X-ray Computed Tomography was evaluated under 0.5 mAcm2, and collected
according to lithiation state as follows, LioCe, Lio.0sCs, Lio.1Cs, Lio.15Cs, Lio.2Cs, Lio.4Cs,
Lio.sCs, and Lio.sCs, corresponding to 0, 18, 37, 56, 74, 149, 23, and 332 mAhg* on the
beamline of BL20XU at Spring-8. On the basis of obtained X-ray CT results, three
dimensional images, separated as LisPS4, graphite, and expected lithium dendrite,

respectively, were obtained by using dragonfly software.

The X-ray CT measurements were conducted using micro-CT and nano-CT modes.

Both modes used a monochromatic X-ray beam with 15 keV. In the micro-CT mode, each
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transmission image was acquired with a charge-coupled device camera (2048 x 2048
pixels) through a scintillator plate. Typically, an image with a1 x 1 mm? FOV is measured
resulting in a voxel size of 0.49 um. The micro-CT mode was used to measure the
morphological changes in the anode composite electrode due to pressure changes. In the
nano-CT mode, the X-ray beam was focused onto the sample using an elliptical glass
capillary and the images were projected onto a scintillator using a Fresnel zone plate lens.
The images were also recorded using a charge-coupled device camera (2048 x 2048
pixels). The image with a voxel size of 31 nm and a 63 x 63 pm? FOV is measured. In
order to obtain better contrast from the transmitted image of materials, the image was
taken using the Zernike phase contrast method. This mode was utilized to observe the
morphology of the spherical type and sheet type graphite. In total, 1800 radiographs were
collected using an exposure time of 30 ms (micro-CT mode) or 500 ms (nano-CT mode)
during 180° rotation. The images were reconstructed to 3D volume images using a filtered
back projection method.

5.3. Results and discussion

Both XRD and SEM were utilized to investigate their structure and morphology.
Traditional amorphous phase of LisPSs and the crystalline graphite structure were
demonstrated in Figure 1(a-b) and spherical type particles were observed in both of them
with about 10 um of diameter. An ionic conductivity for LisPSs was calculated based on
Figure 2, was a 5.12 x 10 Scm™. With these materials, we fabricated conventional solid-
state cell for confirmation of electrochemical property (Figure 3) and deposition test with
Operando cell demonstrates in Figure 4(a) with cell illustration Figure 4(b), in which each
point corresponding to targeted lithium deposition capacity was collected. In Figure 3,
graphite composite indicated about 250 mAhg™ of discharge capacity, which is lower
than its theoretical capacity. It is attributed to the high polarization by decomposing the
LisPSs at reduction potential of graphite and inhomogeneous reaction distribution®33,
After measurement at 0 mAhg™, later points corresponding to 18 mAh g (Lio.0sCs), 37
mAh g (Lio.1Cs), 56 mAhg™ (Lio.15Cs), 74 mAh g (Lio.2Cs), 149 mAh g (Lio.4Cs), 223
mAh g (Lio6Cs), and 332 mAh g* (Lio9sCs) were collected with micro/nano X-ray CT.
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First, a voltage of Operando cell voltage was increased from 200 mAh g, which might
be attributed to short circuit by deposited lithium on the graphite. Before describing the
lithium deposition behavior, the author explains for the micro / nano X-ray C.T. image
(Figure 4(c)) corresponding to 0 mAh g. From the top of the image, total micro—X-ray
C.T images demonstrate the stainless—steel current collector, graphite composite anode,
LisPS4 layer, and Li-In alloy layer. Based on that the elements with high atom number
are generally demonstrated with relatively bright color, it was separated for the solid
electrolyte and graphite anode in the graphite composite layer, where orange color area
is LisPS4 and brown color area is graphite. Then, specific area was collected with enlarged
nano X-ray C.T images as shown in Figure 4(d).

First of all, no noticeable change behaviors were observed inside the cell for lithium
deposition capacity as shown in Figure 5. It implies that lithium dendrite evolution
behavior in the composite anode too low scale to be observe. Thus, it is necessary to
utilize the nano X-ray C.T analysis in order to observe the local area in the graphite
composite anode, and the author attempted to observe the fixed position for nano X-ray
C.Tas in Figure 4(d), and Figure 6 and 7 demonstrate obvious evolution behaviors, which
were obviously observed at the interface between graphite composite and LisPS4, marked
with black dashed quadrangles in Figure 7. Furthermore, enlarged nano X-ray C.T images
(Figure 7) clearly demonstrate that different contrast appears from 56 mAh g* where the
interface area contacted between graphite and Li3PSa, indicating the decomposition of
LisPS4 by low reduction potential of graphite. Later, new filament form was observed and
gradually spread out from edge area to outside of graphite. On the other hand, invisible
neither obvious crack nor changed contrast is invisible at upstage near the stainless-steel
current collector than at near downstage. It implies that lithium dendrite evolution was
begun after deposition of the lithium on the graphite at the downstage near the LisPS4
layer because of favorable lithium-ion transportation while, further migration of lithium-
ion to depth area near the stainless-steel current collector might be congested by the
resistance originated from the decomposed products (Li.S, LisP) that have low ionic
conductivity and high electronic conductivity. Additionally, it might be attributed to
inhomogeneous reaction distribution inside graphite composite anode as shown in Figure

8. Most of intercalation of lithium ions was formed in the vicinity of the LisPSs area. 3D
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images for graphite composite anode clearly demonstrate the reductive decomposition of
LisPS4 inside graphite composite anode, in which there is no reductive decomposition at
upstage near the stainless steel as shown in Figure 9. It was confirmed that the range of
reductive decomposition also expanded as the reaction continued. This might lead to
acceleration of inhomogeneous reaction distribution inside graphite composite. To
investigate the lithium dendrite behavior inside graphite composite anode, 3D images
were also extracted for graphite and lithium dendrite as shown in Figure 10. In here, three
positions corresponding to 0, 74, and 149 mAh g are selected to discuss the lithium
dendrite behavior because the lithium dendrite behaviors were not progressed at 232 and
332 mAhg™. 3D images demonstrated that the morphology of lithium dendrite is sheet-
like shape and the growth of lithium dendrite within the graphite composite anode were
begun and concentrated at the edge side of graphite particle, and gradually connected with

other edge of graphite particle like net connection.

Through the nano X-ray C.T., the LisPS4 inside the graphite composite anode was
decomposed at reduction potential of graphite, and then the lithium dendrite gradually
grew from the edge side of graphite particle as lithiation goes by. This was demonstrated
with 3 D images in Figure 9 and 10. It is considered as a result by this reaction process
was only concentrated on the closely contacted region between the graphite composite
electrode and Li3PS4 layer, leading to inhomogeneous reaction distribution in Figure 8.
Therefore, this study suggests that the homogeneous reaction distribution is preferred
inside graphite composite anode, and the morphological change must be minimized to

suppress the lithium dendrite formation

5.4. Conclusion

Lithium dendrite evolutions were successfully observed in nano scale for the
graphite composite thorough Operando X-ray computed tomography technique. X-ray
CT images were collected according to the lithium deposition capacity. The micro-scale
images could not verify a change behavior in the graphite composite anode, but nano-
scale images demonstrated the expected decomposition of LisPSs in the graphite

composite anode and lithium dendrite. Furthermore, the intercalation of lithium ions into
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the graphite inside composite anode was mainly concentrated on the part in contact with
the LisPS4 layer. Thus, this limited reaction distribution led to the growth of lithium
dendrites as shown in three-dimensional images, in which it was confirmed that the
lithium dendrites grew at the edge of graphite particles and were connected to the edge of
other graphite particle inside the composite anode. This study showed that not only should
it be designed so that a uniform reaction distribution can be achieved in composite
electrodes, but also that the shape change of graphite should be maintained against

pressure.
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Figure 1. XRD patterns (a— b) and SEM images (¢ — d) for LisPS4 and graphite
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Figure 5. Micro X-ray C.T images corresponding to each lithium deposition capacity.
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Figure 6. Nano X-ray C.T images corresponding to pre-fixed positions with the lithium
deposition capacity. Evolution behavior was highlighted dashed quadrangle in the nano
X-ray C.T images.
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Figure 7. Nano X-ray C.T images for 0, 56, 74, 149, 232, and 332 mAhg™. the arrows

were added either changed contrast or new formed position.
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Figure 8. 3-D images extracted from the nano X-ray C.T images at the interface near the

LisPSas. Yellow, black, and red colors indicate the LisPS4, graphite, and lithium dendrite,

respectively.
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Figure 10. 3-D images extracted from the nano X-ray C.T images for graphite and
lithium dendrite inside composite anode.
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Chapter 6. Elucidation of Dominant Factors of lon
Transport Resistance in Graphite Composite Anodes
for All-Solid-State Batteries using X-ray Computed
Tomography

Despite significant progress in all-solid-state batteries (ASSBs), there is chronic
problem of poor power density, which is caused by large polarization. It was initially
considered due to low ionic conductivity of solid electrolyte but, it was not also a clue to
solve this problem as reported in the case of utilizing the solid electrolytes comparable to
that of liquid electrolyte. Thus, it is reasonable to suspect the ineffective lithium-ion
transport inside the composite electrode for ASSB. It was reported that low tortuosity and
high ionic conductivity of solid electrolyte was preferred in solid electrolyte layer in
ASSBs while, those were unclear inside composite electrode. To take account for this, it
IS necessary to investigate not only the solid electrolyte’s tortuosity indicating an ionic
pathway but also the anisotropy of active material indicating an electrochemical active
site through the investigation of the microstructure of composite electrode for ASSB.
Furthermore, it is probably expected to differ from its behavior in the electrolyte layer
and its behavior in the composite electrode. Thus, in this study, we firstly investigated the
behavior of tortuosity change in the composite electrodes by the pressure and graphite’s
shape using in situ X-ray computed tomography (CT) and elucidate the correlation of
electrochemical performance of graphite composite anodes in relation to quantitative data
(void ratio, tortuosity of LisPS4) extracted from obtained X-ray CT images. Finally, based
on these results, we suggested the condition of the materials, which are solid electrolyte

and active material, for effective design to composite electrode for ASSB.

6.1. Introduction

As the usage of a lithium-ion battery (LIBs) has been extended from the small

electronic products market to Electric Vehicle market'>, a lot of related studies have been
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focused on the improvement of high energy density and power density of the existing
LIBs®2, Unfortunately, there was one concern related to the safety, originated from the
organic liquid electrolyte with flammability in LI1Bs*®. Therefore, as the demand for a
battery with great safety is required first, a type of battery replaced liquid with solid, that
is, all-solid-state batteries (ASSBS) have been receiving great attention as alternatives to
existing LIBs®. Moreover, these make the ASSBs could accomplish the excellent
performances more than those of LIBs®. The studies for ASSB have been progressed from
discovering and developing a variety of solid electrolyte candidates to implementing them
in the form of solid-state cells with active materials”®°. At present, ASSBs with sulfide-
based solid electrolytes have been receiving attention due to not only their high ionic
conductivity than other types of solid electrolyte but also favorable ductility toward the
interface with active materials'®?2. However, there is critical problem that large
polarization is often observed in practice. Although the ASSBs have theoretically high
power density. It has been considered as poor contact of solid phase between the solid
electrolyte and active material®>2’.

Unlike the interface environment between liquid phase as the liquid electrolyte
and solid phase including active material and conductive carbon in composite electrode
for LIBs, Numerous interfacial problems have been identified between solid phase and
solid phase in for composite electrode for ASSBs®'2%7. In the void or pore phase inside
the composite electrode for LIBs®, the liquid electrolyte is naturally filled to allow lithium
ions to transport whereas, in the case of the composite electrode for ASSBs, the lithium-
ion transport is blocked at there, leading to inhomogeneous reaction distribution in
composite electrode due to the difference of transport between electron and lithium ion
when C-rate was increased*?%-3!, These previous studies on the composite electrode had
initially revealed that this ion transport resistance might be caused by low ionic
conductivity of solid electrolyte, leading to an ineffective lithium—ion transport inside the
composite electrode. However, current studies utilized with superior solid electrolyte,
which has equivalent ionic conductivity to liquid electrolyte, has not also demonstrated
any equal results to that of liquid electrolyte for existing LIBs even if they are applied to
composite electrode for solid-state cells®*3, Therefore, it was suspected from different
ion transport resistance in the composite electrode, might be caused by the solid

electrolyte’s tortuosity indicating the ion pathway inside the composite electrode and the
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anisotropy of active material indicating the electrochemically active site?*32-37, While the
correlations of solid electrolyte’s tortuosity with lithium—ion transport of the solid
electrolyte layer in ASSB were reported through the X-ray computed tomography (CT),
in which low tortuosity was formed with high pressure and few void phases. the internal
structure of the solid electrolyte when applied to pressure?® but also the tortuosity and
voids effect?® were identified. However, it is limited only to solid electrolyte layer itself,
and variables for lithium—ion transport that may occur in the composite electrode
combined with the active material were not compressively investigated. So far, regarding
the tortuosity of the solid electrolyte inside the composite electrode, it has been
conventionally obtained either by electrochemical measurements or by computational
modeling®*2°32%" These indirect methods are comparatively quick and can be scaled to
describe local phenomena, but it could not include information on real morphological or
directional changes in components such as either the solid electrolyte or the active
material in the composite electrode that occurs when actual pressure is applied. On the
contrary, directly observed microstructural data from X-ray computed tomography (CT)®
can provide useful insight into local transport tortuosity as well as help to find the
bottlenecks to lithium-ion transports®>-26, However, studies on these were applied only to
the solid electrolyte as an electrolyte layer, to the best of our knowledge, there are no
cases of application to composite electrodes for ASSBs.

In this study, the LizPS4 was used as the model material of solid electrolyte, and
spherical and sheet graphite anodes were used as active material models to compare the
effect on the anisotropy in the composite anode under the pressures (0 to 160 MPa) as the
variable factor, and we firstly demonstrated the morphological change of LizPS4 and each
graphite in form of composite anode with the applied pressure in real time through the in
situ X-ray computed tomography (CT). based on obtained directly observed
morphological information, real quantitative data such as tortuosity of LisPSs and
anisotropic change of graphite in the composite anodes was extracted through three-
dimensional imaging. Last, the correlation with electrochemical performance was

discussed with quantitative data.
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6.2. Experimental section

6.2.1 Material Preparation

A LisPS4 was prepared using ball-milling (Pulverisette 7; Fritsch). The raw
materials of Li2S (Aldrich, 99.99%) and P>Ss (Aldrich, 99%) powders were mixed for 10
min in an agate mortar. the mixture of raw materials was put into the zirconia pot with
zirconia balls, and then ball-milled under 600 RPM for 15 hours. The graphite composite
anodes were prepared by mixing each graphite powders with spherical and sheet type
(product names are CGB—10 and UP-20, Nippon Graphite Industries, Ltd.) with Li3PSa,
in which the ratio between solid electrolyte and graphite was fixed in 60: 40 wt%, mixed

for 1hour in the mortar.

6.2.2 Electrochemical measurements

The electrochemical properties for each graphite were measured with CR2032
coin cells to obtain the reference performance regardless of the microstructural impact in
the electrode. This coin cell composed of the lithium metal electrode, a polypropylene
separator, each graphite electrode, and an electrolyte of 1M LiPFs in Ethyl
carbonate/Dimethyl carbonate (EC/DMC_3:7 by volume). The graphite electrodes were
prepared by mixing 80 wt% graphite powders with 10 wt% of carbon blacks as a
conductor and 10 wt% Polyvinylidene fluoride (PVDF) as a binder in a 1-methyl-2-
pyrrolidinone solvent, and then casted in the about 20 pm thickness using doctor blade.
All coin cells were assembled in an argon-filled glove box. The galvanostatic cycle test
was conducted in the voltage range of 0.01 to 1.5 V (vs. Li) for charge and discharge over
three cycles at current density (0.13, 0.26, 0.51, and 0.76 mAcm2) at 25 °C. In different
way, solid state cells were prepared to investigate the electrochemical performance for
the impact of microstructure in composite electrode using a two-electrode cell by
pressing. The LisPSs with 120 mg was placed in a polycarbonate tube with a diameter of
10 mm, and slightly pressed to form the solid electrolyte layer. An Li—In alloy was placed
on one side of the solid electrolyte layer, and pressed at 10 MPa, and prepared graphite
composite powder was added to opposite side, and pressed from 10 to 160 MPa.
Galvanostatic cycle tests were conducted in the voltage range of -0.62 to 1.0 V (vs. Li-

In) for charge and discharge over three cycles at current density (0.13, 0.26, 0.51, and
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0.76 mAcm™) at 25 °C. Furthermore, ionic conductivity was measured for LisPS, using
alternating current-EIS (AC—EIS). The EIS results were recorded using VP 300 with AC
amplitude of 50 mV in the frequency range of 7.0 MHz to 100 Hz.

6.2.3 Material Characterization

X-ray diffraction was conducted with RINT-Ultima Il (Rigaku) with CuKa
radiation of 1.54056 A at 40 kV and 40 mA. All materials were analyzed in the range of
2 theta from 10 to 50 °. Raman spectra were collected using a DXR3 (Thermo scientific)
device with 532 nm laser. All samples were prepared on a special holder fabricated to
prevent the reaction of the compounds with air in the glove box. SEM measurements were
performed using a SU8220 (Hitachi High-Technologies) system in order to observe the

microstructure of each material.
6.2.4 in-situ X-ray Computed tomography (CT)

X-ray CT was utilized to investigate the morphology in the composite electrode
for ASSBs, and conducted at BL20XU on the SPring-8. In addition, an in-situ cell was
assembled for the X-ray CT measurements. Assembling process is as follows, each solid
electrolyte (~ 1 mg) was placed in the polycarbonate tube with a diameter of 1.0 mm, and
pressed to make a SE layer using stainless steel bar with 1.0 mm diameter with 20 cN-m
by a torque wrench. Then, about 0.1 mg of composite graphite anode powder was added
on one side of SE layer and compressed with the pressure as follows, 0, 40, 80, 120, and
160 MPa. At each pressure, X-ray CT images for change behavior with the pressure were

collected in micro scale.

The X-ray CT measurements were carried out at BL20XU on the SPring-8 using
micro-CT and nano-CT modes. Both modes used a monochromatic X-ray beam with 15
keV. In the micro-CT mode, each transmission image was acquired with a charge-coupled
device camera (2048 x 2048 pixels) through a scintillator plate. Typically, an image with
alx1mm?FOV is measured resulting in a voxel size of 0.49 um. The micro-CT mode
was used to measure the morphological changes in the anode composite electrode due to
pressure changes. In the nano-CT mode, the X-ray beam was focused onto the sample
using an elliptical glass capillary and the images were projected onto a scintillator using

a Fresnel zone plate lens. The images were also recorded using a charge-coupled device
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camera (2048 x 2048 pixels). The image with a voxel size of 31 nm and a 63 x 63 pm?
FOV is measured. In order to obtain better contrast from the transmitted image of
materials, the image was taken using the Zernike phase contrast method. This mode was
utilized to observe the morphology of the spherical type and sheet type graphite. In total,
1800 radiographs were collected using an exposure time of 30 ms (micro-CT mode) or
500 ms (nano-CT mode) during 180° rotation. The images were reconstructed to 3D

volume images using a filtered back projection method.

The reconstructed gray-scale images were segmented into three regions, void,
graphite, and Li3PS4, using an opensource software ImageJ. First, to reduce image noise,
3Dmedian filter with radius of 3 pixels was applied. Then, dark areas of the images were
isolated as voids. Next, the threshold value for segmentation of LisPS4 and graphite was
set so that the volume ratio of LisPSs and graphite in the stocking volume would match.
The tortuosity of LisPS4 at each pressure of the two types of graphite was calculated using
a commercial software Dragonfly (Object Research Systems Inc., Canada). Dragonfly
has the ability to compute a 3D path network of segmented regions and calculate the
tortuosity. From this function, the 3D path network of the LisPS4 was calculated and the
calculated network is shown in Figure S11. The tortuosity (t) is expressed as an equation

below.

_ Le
i

1)

where 1, Ls, and Le indicate the tortuosity of electrode, the linear distance between the two
points of one path, and the length along a serpentine path between two points of the path,
respectively. From this 3D network, the tortuosity of all paths in the electrode thickness
direction were calculated and the average value was used as the tortuosity. The above
calculations were adapted for two types of graphite at pressures from 40 to 160 MPa to
calculate the tortuosity. 3D rendering images of each figure were also created by

Dragonfly.
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6.3. Results and discussion

First of all, the morphology, structure, and electrochemical performance for
spherical and sheet graphite as anode material were investigated through the SEM, XRD,
X-ray CT and electrochemical performance. Both morphological information for both
spherical and sheet graphite was observed through the SEM and X-ray CT in Figure S1,
in which roughly spherical shape of graphite (Figure 1(a)) and plate shape graphite
(Figure 1(b)) were demonstrated and the observed particle sizes corresponding to
spherical and sheet graphite are 10 and 20 pm, respectively. Figure 1(c) and (d)
demonstrated the cross section (Z — Y plane) of X-ray CT images, from which the
anisotropy for spherical and sheet graphite was also projected to the 3D images according
to remarked redline as shown in Figure 2. In the case of spherical graphite in Figure 2(a),
the electrochemically active site is widely distributed while, it is limited at only edge
plane because the basal plane is not active site in sheet graphite (Figure 2(b)). The crystal
structure for each graphite was demonstrated by XRD analysis (Figure 3). Typical
graphite peak [002] was confirmed at 27° with the space group P6s/mmc®, demonstrating
equal structures each other. Additional data for the properties such as average diameter
of particle (Dso), apparent density, and specific surface area were summarized in Table 1,
provided from Nippon graphite L&C. The results for structural information and ionic
conductivity for LisPSs as model solid electrolyte are demonstrated in Figure 4.
Conventional amorphous phase was confirmed through the XRD in Figure 4(a), and
Raman spectra (Figure 4(b) demonstrated the peak at around 426 cm™, indicating PS4>
anion. The Arrhenius plots (Figure 4(c)) was obtained by measuring the ionic
conductivity through AC impedance with the temperature, and the ionic conductivity at
25 °C was calculated as 5.13 x 10 Scm™. Figure 4(d) demonstrates the inhomogeneous
particle shape and size of LisPSs prepared by ball milling. These are also in agreement
with previous studies. To investigate the intrinsic electrochemical performance of each
graphite regardless of reaction distribution, all graphite composite anodes were fabricated
with thin thickness (20 um), which was evaluated with the Galvano cycle test with the
coin cell as shown in Figure 5. Conventional SEI formation behaviors, attributed to the
formation of Li>CO3 and (CH200:L.),, were observed in both graphite at first cycle3®,

and equal level of charge discharge capacities were confirmed regardless of graphite
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anisotropy at all current densities. This result clearly implies that each graphite has equal
electrochemical performance, provided that environment for smooth ionic path can be

formed inside the composite electrode.

In order to investigate the solid system for two types of graphite, electrochemical
measurements were conducted with the pressure and the results demonstrated with Figure
6 and 7. Unlike the liquid system, the distinct difference for electrochemical performance
was clearly demonstrated in the solid—state cells employed with each graphite composite
anode, which was consisted of spherical graphite and sheet graphite in Figure 6. In general,
spherical graphite composite anode showed better discharge capacity than that of sheet
graphite composite anode. Compared to spherical graphite with the electrochemical
active site being widely distributed, sheet graphite might be only limited to near the edge
as the path of lithium intercalation/deintercalation during cycling as shown in Figure 2.
The charge/discharge curves and discharge capacities for the pressure at first cycle are
demonstrated in Figure 6(a-b). In rate performance (Figure 7(a-b), The higher current
density was applied, the lower discharge capacity was confirmed. Except for anisotropic
difference between these two types of graphite, this poor electrochemical performance of
all graphite composite anodes is might be attributed to large polarization by the interface
resistance between solid electrolyte and graphite, according to previous studies*4. In
there, the charge transfer resistance would be induced between sulfide solid electrolytes
and carbon-based materials by low ionic conductivity of LisPSs. However, as recent
studies showed that the interfacial resistance between the sulfide solid electrolyte and
either graphene or graphite**#7, it might be also considered to be subtle in these studies.
Therefore, we considered that not only relatively low ionic conductivity of LisPSa but
also thick composite anode over about 100 um as the cause of poor electrochemical
performance in spite of homogeneously distributed spherical graphite and LisPS4 in the
composite anode layer as shown in Figure 8. Moreover, considering the improved
discharge capacity by higher ionic conductivity than that of LisPSs3%4347 it suggested that
relatively low ionic conductivity of LisPSs had an effect to ineffective lithium—ion
transport as well as inhomogeneous electrode reaction originated from the transport
difference between ion and electron. However, it is difficult to explain dramatical

degradation of rate performance in Figure 7(a) and (b) by only low ionic conductivity of
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LisPSs. because it is expected that the contact between solid electrolyte and active
material would be better when the pressure increases, leading to the decrease of void and
pore phase in the composite electrode. To further investigate the correlation with the poor
rate performance of graphite composite anodes, we conducted to measure the X-ray CT
to obtain morphological change of LisPS4 and each graphite in the composite anode with

the applied pressures.

The 3D images of the graphite composite anodes with the pressure at 40, 80, 120,
and 160 MPa are demonstrated in the volume scale of 200 x 200 x 200 um? based on
measured X-ray CT images in Figure 9 and 10. Through these 3D images, significantly
reduced voids are observed in spherical graphite composite anode in Figure 9 rather than
in sheet graphite composite anode in Figure 10. The quantitative data for void volume
ratio was summarized with Table 2. It clearly demonstrated that the void phase could be
reduced by the pressure and explained the reason for higher discharge capacity of
spherical graphite composite anode with lower void ratio than that of sheet graphite. It
was demonstrated that the reduced void volume ratio inside the composite anode
influenced the improved efficiency of lithium—ion transport, leading to the enhanced
electrochemical performance, at low pressure ranges (40 and 80 MPa) but, there was no
impact on relatively high pressure from 120 to 160 MPa as shown in Figure 11(a) and (b),
in which no enhance of discharge capacity for graphite composite anodes was
demonstrated. This result suggests that there is other factor to influence the lithium—ion
transport inside the composite anode at high pressure range. To investigate the behavior
of lithium—ion transport inside graphite composite anodes, each tortuosity of LizPSs in
the composite anodes was calculated and compared with the discharge capacities as
shown in Figure 11(c), (d), and Table 3. The tortuosity of LisPS4 in the spherical graphite
composite anode was formed about 1.51, 1.53, 1.62, and 1.72, corresponding to 40, 80,
120, and 160 MPa, respectively. In the case of sheet graphite composite anode, it was
confirmed as 1.54, 1.63, 1.71, and 1.80, corresponding to 40, 80, 120, and 160 MPa,
respectively. Low tortuosity of LisPSs implies the ability to provide a short distance of
lithium-ion transport inside the composite anode according to the equation (1) as shown
in Figure 12. Therefore, it could provide better lithium—ion transport with higher

discharge capacity in spherical graphite composite anode than that of sheet graphite
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composite anode. However, in the end, the increase in tortuosity of LisPSs in the
composite anode adversely affected the lithium—ion transports, which led to poor
electrochemical performance. Moreover, we have one question as to why tortuosity of
LisPS4 increases with the pressure. In previous study?, although it relates only to a solid
electrolyte layer, when a high pressure is applied to the solid electrolyte powder, the
tortuosity was lowered and the lithium—ion transport is facilitated, thereby increasing
ionic conductivity. However, the opposite phenomenon was observed in the composite

anodes, implying another variable.

To further identify this cause, we observed internal morphology of graphite
composite anodes by enlarging the 3D images as shown in Figure 13. In here, it obviously
demonstrated that anisotropic difference of graphite and the shape of LisPS4 between
spherical type and sheet type was not observed due to deformed morphology. In general,
the LisPS4 might be formed along with the shape of graphite because the it was formed
along with each graphite shape at 0 MPa as shown in Figure 14. However, it was observed
that spherical graphite in the composite anode tend to be orientated from the Z-direction
to X-Y plane, leading the distorted shape of spherical graphite into sheet-like shapes in
enlarged 3D images (Figure 13). Moreover, it was already changed from 40 MPa, from
which the anisotropy of graphite in both graphite composite anodes was not significantly
different. Thus, this anisotropic change of spherical graphite into sheet-like shape might
be led to low and constant discharge capacity as the pressure increase. Furthermore, it
might be unfavorable in the context of lithium—ion transport in the solid system unlike
liquid system, and this character might be also attributed to relatively low shear modulus
of graphite (5.0 GPa)®* and LisPS, (5.9 GPa)>. This result indicates sufficient durability

of either solid electrolyte or active material will be preferred against the pressure.

Based on this study, we found the factors affecting the increase of tortuosity of solid
electrolyte inside the composite electrode for the pressure, and suggest the ideal condition
of materials for designing the composite electrode for ASSBs. (1) High ionic conductivity
of solid electrolyte; the high ionic conductivity can lead to improved electrochemical
performance with low polarization, (2) Fine particle size of solid electrolyte to alleviate
the tortuosity in the composite electrode, and (3) Active materials with large surface area

and sufficient durability against pressure; electrochemically active site of active material
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should be larger, and the anisotropy should be maintained regardless of the pressure. and
mentioned 3 kinds of condition should be considered to design of the composite electrode
for ASSBs.

6.4. Conclusion

Two kinds of graphite both spherical type and sheet type were fabricated with the
composite anode, including the LisPS4. Unlike the liquid system, obvious difference was
clearly confirmed between spherical and sheet graphite composite anodes, in which
spherical graphite composite anode demonstrated better discharge capacity, with large
polarization. It was attributed to thick composite electrode and low ionic conductivity of
Li3PSa. In addition, we described the main factors to determine this poor electrochemical
performance in the composite electrode. At low pressures (40, 80 MPa), the void ratio
inside the composite anode had affected to the improvement of electrochemical
performance but, it was no effect at high pressure range. This result indicated that it might
be the limitation to improve the electrochemical performance of these graphite composite
anodes from the high pressure. Despite high pressure, the tortuosity of LisPSs was
increased inside composite anodes, indicating longer lithium—ion path based on that the
extracted tortuosity values through X-ray CT images. It was originated from anisotropic
change of graphite and flexible property of LisPS4 for the pressure. Finally, for efficient
design of composite electrode for ASSB, we suggest that preferential condition of
materials to design the composite electrode for ASSBs. (1) High ionic conductivity of
solid electrolyte, (2) Active materials with large surface area and sufficient durability
against pressure, and (3) Low tortuosity of solid electrolyte should be considered to

design of the composite electrode for ASSBs.
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Figure 1. Morphology observed by SEM and X-ray CT for the spherical graphite (a — c)
and sheet graphite (b — d).
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Figure 2. Morphology observed by X-ray CT for the spherical graphite (a) and sheet
graphite (b).
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tortuosity of LisPS4 in the composite electrode of spherical graphite (c) and sheet graphite

(d).
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Figure 12. 3D rendering image of segmented LizPS4 in the composite electrode (a) and
3D path network (b). A red line is the linear distance between the two points of one path
and an orange line is the length along a serpentine path between two points of the path.
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Figure 13. Enlarged three dimensional images based on the measured X-ray CT results
Figure 9, 10.
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Figure 14. Three dimensional images for each composite electrode at 0 MPa. In here, the
contrast of void and graphite at 0 MPa was too subtle to be separated because the contrast
difference between the graphite and void in the composite electrode at 0 MPa could not

be separated due to the poor X-ray absorption coefficient environment
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Table 1. Properties for spherical graphite and sheet graphite

Properties Spherical graphite  Sheet graphite
Diameter of particle (um) 10.32 19.33
Apparent density (gecm™) 0.46 0.12

Specific surface area (m?g™) 8.59 5.12
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Table 2. Extracted void volume ratio (%) based on three dimensional images in Figure
S9, 10

Spherical graphite Sheet graphite
Pressure composite composite
(MPa)

Void ratio % Void ratio %
40 7.00 4.16
80 1.75 2.41
120 0.78 1.62
160 0.38 1.08
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Table 3. Extracted LisPS4’s tortuosity values based on three dimensional images in
Figure S9, 10

Spherical graphite Sheet graphite
Pressure composite composite
(MPa)

Tortuosity Tortuosity

40 1.51 1.54
80 1.53 1.63
120 1.62 1.71
160 1.72 1.80
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Chapter 7. General conclusions

ASSBs are a promising alternative that replaces the position of LIBs. However,
it has been suffered from inefficient synthesis and poor performance that is not
comparable to that as much as that of LIBs. In order to solve the inefficient synthesis
approach, liquid phase synthesis was suggested due to its bulk scale, low-cost, and
controllable particle size targeted for high energy density. However, both the origin of
low ionic conductivity and the correlation with used solvent were unclear. Furthermore,
the Various origins for the poor performance of ASSBs have been investigated and
considerable reasons are originated from the interfacial problems. To commercialize the
ASSBs, aforementioned problems must be fully understood. Therefore, in this work,
various perspectives were investigated and identified through the advanced analysis
techniques.

In Chapter 1, the faced environmental problems and their solution strategies were
described with the importance for developing alternative energy sources and promising
devices to reduce CO> emission. All solid—state battery was introduced with
representative solid electrolytes developed so far, and both the challenges to
commercialize this battery and the fundamental origin of problem that was not able to be
commercialized were reviewed. The approach and strategies of us were described.

In Chapter 2, the correlation of the ionic conductivity and crystallinity of liquid
phase synthesized LisPSs with the acetate system solvent properties. Through the PDF
analysis, the lower polarity of solvent was the lower crystallinity and higher ionic
conductivity of LisPSs were identified after liquid phase synthesis. The highest ionic
conductivity as 5.09 x 10 Scm™ was obtained when butyl acetate with 2.1 polarity was
used as solvent. Based on this result, the polarity of solvent affects to the formation of
crystalline phase of LisPS4 in the liquid media.

In Chapter 3, the lithium dendrite suppression ability and improved ionic
conductivity were investigated about the LisPS4 doped by lithium halides before/after the
annealing. PDF analysis revealed the structural information related to the behavior of
ionic conductivity and phase dynamics during the annealing. Interfacial information for
decomposed products Li»S and LisP and cracks were demonstrated by the XAS and X-
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ray CT. Main factor determining CCD property obtained from interfacial resistances by
high frequency EIS measurements. These results indicated that lithium dendrite
suppression is due to the improvement of the ionic conductivity and the ionic conductivity

of the stable interfacial layer between the solid electrolyte and lithium metal.

In Chapter 4, Lil coated graphite was successfully prepared by simple liquid
phase synthesis. SEM-EDX demonstrated well dispersed Lil on the surface of graphite
from 1 to 5 wt%. In here, Coated Lil was existed as amorphous phase. Among the Lil-
coated graphite samples, that with 5 wt% Lil showed the highest discharge capacity (348
mAhg ™) with superior C-rate performance, while uncoated graphite showed a discharge
capacity of 248 mAhg . The interfacial resistance increased, but gradually decreased
with the increasing amount of Lil coating. Furthermore, XAS results clearly show that
LisPS4 in the uncoated graphite composite decomposes into Li>S and LizP, while the 5

wit% Lil—coated graphite composite was stable after lithiation.

In Chapter 5, Lithium filament evolutions were successfully observed inside the
graphite composite thorough Operando X-ray computed tomography. In the composite
electrode, the LisPS4 near the graphite area was decomposed, from which the growth of
lithium filament was generated from the edge side of graphite. After that, as the cell
voltage rises, the void layer was formed. In there, not only deepen lithium filaments but
also the broken graphite morphology was observed. It was considered that the diffusion
of lithium—ions inside the graphite composite was non uniform at relatively high current
density, concentrating only in a specific region. Finally, this concentrated area was

responsible for lithium filament growth as well as delamination of the graphite layer.

In Chapter 6, the graphite composite anodes were investigated to understand and
identify a factor for lithium ion transportation using in-situ X-ray computed tomography.
Two kinds of graphite both spherical type (CGB-10) and sheet type (UP-20) were
fabricated with the composite anodes including the LisPS4, and the factors that affect
electrochemical performance due to the anisotropy of solid electrolytes and active
materials. Overall, the composite anode containing CGB-10 showed better
electrochemical performances due to its large surface area. In addition, micro-scale X-ray
computed tomography has confirmed that physical changes occurring inside the
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composite electrode when pressure is applied have a significant impact on
electrochemical performance. For efficient design of all solid-state battery, the active

material and the solid electrolyte with a large surface part are preferred, and optimization

of pressure applied to a composite electrode is required.
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