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Chapter 1: General introduction

1.1. Introduction

A consumption of fossil fuels, such as coal, oil, and natural gas, is a serious
concern for resource depletion and a generation of greenhouse gases that contribute to
global warming. Therefore, an introduction of various alternative clean energy sources,
such as geothermal energy, hydroelectric energy, wind power energy, solar energy, and
nuclear power energy has been required to reduce greenhouse gas emissions. Since these
energies are converted into an electrical energy, both electrical energy transport and
storage are very important. Recently, energy devices for electrical energy storage have
been widely researched. There are some kinds of energy storage devices. Among these
devices, rechargeable batteries, such as lead-acid, nickel-cadmium, redox flow, and Li-
ion batteries (LIBs) have been more extensively applied to energy storage systems.'

The performance of the rechargeable battery is evaluated by various parameters,
such as a gravimetric or volumetric energy density, a rate capability, a cycle performance,
a cost, and a safety.” Among various rechargeable batteries, LIBs achieve the highest
energy densities (150-200 Whkg™!, 300400 Wh L), as shown in Fig. 1-1.3 The energy
density of rechargeable batteries is highly dependent on the electrode active materials. In
LIBs, LiCoO2, LiNixCoyMn,O> (x+y+z=1), LiFePOs, etc. have been used as a cathode
material, and graphite (LiCs) or LisTisO12 has been used as an anode material. >
Recently, the energy density of LIBs has been approaching the theoretical upper limit.
But, new demands for higher energy densities are claimed. Therefore, next-generation
batteries (post-LIBs) employing different electrode active materials from LIBs, such as

Sulfur, Oxygen in air, silicon, and Li metal have been studied. Particularly, Li metal anode



is a key technology for various next-generation batteries, for example, Li-S, Li-air, and

Li-metal batteries (LMBs).>*?

1.2.Li-metal anode

Figures 1-2 (a) and (b) show both configurations of LIBs with graphite anode
and LMBs with Li metal anode. The charge—discharge process of graphite anode is an
intercalation reaction in the following Eq. 1-1 and that of Li-metal anode is a
deposition/dissolution reaction in the following Eq. 1-2.

Ce + xLi+ xe” 2 LixCs (1-1)

Li2 Li'+e (1-2)

The Li-metal anode provides a theoretical capacity (3860 mAh g!) that is 10 times higher
than the theoretical capacity of graphite (372 mAh g'), as shown in Fig. 1-3.
Furthermore, the Li-metal anode can provide a higher operation voltage of the cell owing
to the lowest redox potential (-3.04 V vs. SHE).? Based on these properties, it can be said
that Li metal is an ideal anode material attracting much attention as a promising anode
material for various next-generation batteries.

However, achieving a uniform reaction of the Li-metal anode is not so easy.
Nonuniform reaction distribution on the electrodes results in nonuniform Li deposition
promoting an internal short circuit. The nonuniform Li deposition breaks a solid
electrolyte interphase (SEI) layer, promoting an electrolyte decomposition.!'”!* The
electrolyte decomposition results in a decrease in coulombic efficiency and cycle
performance. Furthermore, the internal short circuit also results in low coulombic

efficiency and sometimes a thermal runaway of the cell.



Various approaches have been investigated to solve these problems. Firstly, a
control of size and morphology for Li deposits have been investigated by an external

1418 Larger Li deposits have a smaller

pressure and a selection of proper electrolytes.
surface area, which prevents depletion of electrolytes by chemical reactions between Li
and electrolyte and a decrease in coulombic efficiency. Granular deposits have a smaller
surface area than those of mossy and dendritic Li deposits, leading to a lower risk of
internal short circuit through a separator between the anode and cathode. Another
important approach for an establishment of uniform reaction for Li metal anode is the
optimization of the SEI layer composition determined by both kinds of electrolytes and
additives.'>!°2% A high mechanical strength of the SEI layer suppresses the undesirable
reactions between electrolyte and Li metal. In other words, a more physically stable and
uniform SEI layer provides a higher coulombic efficiency owing to the suppression of
electrolyte decomposition and the more uniform distribution of electrode reactions.!! 132
Some studies on an artificial SEI consisting of polymer electrolytes, ceramic materials,
etc. have been conducted to obtain a more stable SEI layer on Li metal.?®*>* The most
important point in real cells is the uniformity of current distribution, including a porous
polymer separator.>>>° The separator directly contributes to the current distribution
(reaction distribution on the electrode). Therefore, the pore structure of the separator

greatly affected the reaction distribution in the cathode and anode layers. The separators

with appropriate pore structures provide uniform reaction distribution.

1.3. Electrolytes
Since the redox potential of Li metal is very low (-3.04 V vs. SHE), the
electrolytes should have a high reduction stability. This is the first priority for the
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requirement of electrolytes employed in LMBs. ** Other requirements are a high ionic
conductivity, a high thermal stability, and a high safety. So far, some organic electrolyte
solvents, ionic liquid electrolytes (ILEs), and gel polymer electrolytes (GPEs) have been

investigated as electrolytes of LMBs.

1.3.1.  Organic electrolyte solution

Organic electrolyte solutions are prepared by dissolving Li salts in nonprotic
organic solvents. ** Cyclic carbonates, such as propylene carbonate (PC) and ethylene
carbonate (EC), have been sometimes selected for nonprotic organic solvents because of
their higher redox stability and Li salt solubility.* ** Linear carbonates, such as dimethyl
carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC), are
usually added to reduce both freezing point and viscosity. ** 3 Li salts are highly soluble
in solvents and easily dissociate with ions. LiPFg, LiClO4, LiBF4, LiB(C204)2 (Li
bis(oxalate)borate, LiBOB), LiN(C2F4+SO2), (Li bis(trifluoromethanesulfonyl)imide,
LiTFSI), and LiN(CF3SO2), (Li bis(fluorosulfonyl)imide, LiFSI) are promising
candidates.***~>* In most cases, LiPFg is selected because of its high redox stability, high
thermal stability, high safety, low cost, and high compatibility to anode.

Recently, highly concentrated electrolytes in which Li salts are dissolved at high
concentrations (higher than 3 mol dm™) have been attracting attention. Solvent-shared
ion pairs (SSIP) are preferentially formed in dilute salt concentration (lower than 1 mol
dm™) electrolytes, while contact ion pairs (CIP) and aggregates (AGG) of CIP are formed
in highly concentrated electrolytes.’*>® Highly concentrated electrolytes exhibit higher
ionic conductivity, higher Li" ion transport number, wider electrochemical potential
window, and flame-retardancy owing to a unique solvent structure.
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Since the reduction potential of electrolytes is more positive than that of anode
materials, the electrolytes undergo a reductive decomposition on the anode. However, the
decomposition products of the electrolytes are deposited to form a surface film on the
anode, suppressing direct contact between the electrolyte and the anode. This film is
defined as the SEI layer, and its composition and thickness are very important parameters
for anode performance.’’ Additives, such as fluoroethylene carbonate (FEC) and 1,3-
propane sultone (PS), have been added to the electrolyte solutions to support a formation
of functional SEI layer.??2*°%6" These additives are reductively decomposed at more

positive potential than that of the electrolytes to form a well-composed SEI layer.

1.3.2.  Tonic liquid electrolyte

ILs are salts in a liquid state. ILEs composed of ions without any solvents have
lower melting points than room temperature and unique properties, such as negligible
volatility and nonflammable. Therefore, an introduction of ILEs in LMBs can improve
the battery safety. Physical properties of ILEs, such as ionic conductivity and
electrochemical potential window, can be controlled by appropriate selection of the
cations and anions. So far, pyrrolidinium, imidazolium, ammonium, and phosphonium-
based cation species, and TFSI and FSI anion species have been investigated, and these
observations indicated that FSI anion significantly improves the battery performance.!>¢1-

57 Highly concentrated electrolytes of ILEs, as well as organic electrolytes, have provided

better performance.

1.3.3.  Gel polymer electrolyte

Gel polymer electrolytes (GPEs) with supporting electrolyte solutions added to
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polymers are classified into homogeneous and heterogeneous types. In the homogeneous
type, the polymer and electrolytes are in a homogeneous phase, and polyethylene oxide
(PEO) is a typical polymer. In the heterogeneous type, a crystalline part of polymer forms
the polymer framework, and the amorphous parts between the crystalline networks are
gelated by the electrolyte solutions. GPEs can improve battery safety and simplify cell
fabrication owing to a lower electrolyte leakage. GPE can also use ILEs as the supporting
electrolytes, which is defined as an ion gel (IG).°®*"! However, the ionic conductivity of
GPEs is usually lower than that of the electrolyte solutions, because of an interference of

ionic conduction by polymer.

1.4. Separators

A main role of the separator is a separation between the cathode and anode to
avoid an internal short circuit in a cell. However, a separator is a very important
component that holds an electrolyte and establishes an ion conduction pathway between
cathode and anode. Therefore, a separator greatly affects an electrode reaction and a
battery performance. Nonuniform reaction (nonuniform current flow) distribution on an
electrode promotes an electrode active material degradation and a nonuniform Li
deposition in LMBs. In other words, a battery performance can be improved by
employing an appropriate separator. The requirements for separators are not only material
properties, such as high chemical stability, high thermal stability, high mechanical
strength, high affinity with electrolytes, and high gas permeability, but also an optimized
pore structures, such as porosity, pore diameter, and pore shape.>*’>7* In particular, the
pore structure strongly depends on the preparation process for separators. Generally, the
separators with a thickness of 10-30 um are required to realize high power and energy
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densities of cells.

1.4.1. Polyolefin (microporous) separators

Polyolefin separators are the most conventional separators and are microporous
membranes with submicron pores. They are prepared by two types of processes: dry
process and wet process.’> 7* The pore structure of these membranes is nonuniform owing
to the separator preparation process. Theie electrolyte retention capability is low owing
to their low porosity and low affinity with electrolytes. These properties reduce an
apparent ionic conductivity of a separator part. Some polyolefin separators are surfactant-
coated to improve affinity with electrolytes, but an effect of surfactants on battery
properties is concerned.’*>® Recently, ceramic-coated polyolefin separators have been
developed to improve an affinity with electrolytes, thermal stability, and internal short-

circuit resistance for Li dendrite.3%7>7¢

1.4.2. Nonwoven separators

Nonwoven membranes have been also investigated as alternative separators
owing to their highly interconnected pore structures. Nonwoven separators exhibit higher
ionic conductivities owing to their higher porosity and open pore structures compared
with those of polyolefin separators.”’ The preparation process includes a wet- or dry-laid
process, melt-blowing process, and electrospinning process. >*™ These processes make it
possible to employ materials with higher thermal stability and higher affinity with
electrolytes. So far, polyester, polyamide, and polyimide (PI) have been used as polymer
matrix of nonwoven separators. However, the pore size is as large as several tens of

micrometers, leading to an internal short circuit by Li dendrite formation.
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1.4.3. 3DOM separator

The three-dimensionally ordered macroporous (3DOM) separator is a membrane
with a quasi-inverse opal structure. The 3DOM separator has a high porosity of
approximately 74% and an interconnected pore structure.’®” Figure 1-4 shows the
3DOM (inverse opal) structure. The 3DOM structure can provide a uniform ion flux
inside the separator and reaction (current flow) distribution on the electrode. Furthermore,
it achieves a high chemical and thermal stability by using engineering plastics as polymer

materials.>73%-80

1.5. Outline of dissertation

In this dissertation, rechargeable Li batteries (LMB with oxide cathode and Li-S
battery) were realized by using the 3DOM separator and highly concentrated electrolytes.

In Chapter 2, LMBs employing highly concentrated ILEs were studied. Both
high viscosity and high polarity of highly concentrated ILEs limits the type of separator
that can be used in LMBs. Therefore, surfactant-coated PP and 3DOM PI separators were
employed to construct LMBs. These LMBs were compared to understand an effect of
separator on battery performance of LMBs.

In Chapter 3, LMBs employing IG were investigated. IG can suppress an
electrolyte leakage which contribute an improvement of battery safety and also simplify
a cell fabrication. However, IG has a low mechanical strength. A thick IG can only be
applied to batteries. This decreases an energy density of battery. In this study, the 3DOM
PI and IG were combined to prepare a thin IG separator and evaluated the battery

performances with the composite membrane.
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In Chapter 4, the mechanical strength of the 3DOM separator was investigated
to improve a cyclability of LMBs. The 3DOM PI separator has been made of PI. The
mechanical strength is not enough to obtain long cycle performance of LMBs. Therefore,
the 3DOM separator with higher mechanical strength is required. In this study, 10 wt.%
of polybenzimidazole (PBI) was added to PI and compared to understand an effect of
mechanical strength of separator on battery performance of LMBs.

In Chapter 5, Li-Sulfur batteries with the 3DOM PI separator were investigated,
as one of applications. Although the dissolution of discharge intermediates can be
suppressed by using an oxide-based solid electrolyte, an internal short circuit caused by
the Li-metal anode took place. Therefore, the 3DOM PI separator was introduced with
highly concentrated electrolytes between the electrolyte and anode interface to improve

the performance of Li-Sulfur batteries with solid electrolytes.
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Figure 1-4. Schematic illustration of 3DOM structure.
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Chapter 2: Application of 3DOM PI Separator to Li-
Metal Battery with Highly Concentrated Ionic Liquid

Electrolyte

2.1. Introduction

Lithium-ion batteries (LIBs) exhibit the highest energy density among the
various practical rechargeable batteries. Recently, the energy density of rechargeable
batteries has increased by employing active materials with higher-capacity densities. Li
metal anode is the ultimate anode material owing to the theoretical capacity density of
3861 mAh g !, which is approximately 10 times larger than that of graphite anode (372
mAh g ). Moreover, the redox potential of Li metal anode is the lowest among all
candidates of anode materials (—3.04 V vs. SHE).! Thus, lithium metal battery (LMB)
using Li metal anode has been studied to realize batteries with higher energy densities.
However, LMBs have critical problems such as poor safety and low cycle performance
owing to an internal short circuit and low coulombic efficiency.”™ To overcome these
challenges, alternative electrolytes with excellent safety properties are needed. Ionic
liquid electrolytes (ILEs) are promising alternatives owing to their excellent properties
including wide electrochemical potential window, negligible volatility, and high thermal
stability.

The viscosity, electrochemical stability, and ionic conductivity of ILEs can be
determined by the combinations of anions and cations. Thus, many combinations have
been considered as electrolytes for LMBs.®'? In particular, pyrrolidinium-based ILEs

have been reported as the best compromise between higher electrochemical stability and
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higher ionic conductivity.® > Furthermore, highly concentrated ILEs exhibit improved
Li" transport number, rate capability, and cycle performance owing to their unique Li*
conduction mechanism.!*"13

The selection of the separator is another important factor when using ILEs for Li
deposition/dissolution. The type of separator significantly affects the morphology of the
Li metal deposited at the interface between the separator and the Li metal.'*!” However,
conventional polyolefin separators exhibit low affinity to ILEs and cannot be utilized for
ILEs. Because of the lack of separators suitable for ILEs, a glass filter (thickness: 260
um) has been used as an alternative separator in several previous studies.” "> In these
reports, half cells with a low area capacity density cathode (1.0 mAh cm ™ or less) were
employed in the dissolution/deposition cycle of Li metal anode. However, the effect of
the separator on the Li deposition/dissolution cycle has not been thoroughly discussed. In
cycle performance tests with high-area-capacity cathodes and ILEs, the separator plays
an important role that significantly influences the cycle performance of the cell. Recently,
Eftekharnia et al. conducted long-term cycling of LiFePOu/Li cells with high area
capacity cathode using two types of concentrated ILEs (N-methyl-N-propylpyrrolidinium
bis(fluorosulfonyl)imide and triethyl(methyl)phosphonium bis(fluorosulfonyl)imide) and
evaluated four representative conventional separators.?’ This study reported that the
surfactant-coated polypropylene (PP) separator (Celgard®3000 series) exhibited the best
results. This result was related to MacMullin number, pore size, and contact angle with
these electrolytes. However, conventional separators, which have been optimized for
LIBs with carbon anode, are unsuitable for Li metal deposition. Therefore, a new

separator designed for Li-metal anodes must be developed to achieve Li

deposition/dissolution with better reversibility in highly concentrated ILEs.
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We developed an ultrafine porous polyimide membrane with an inverse opal
structure.?!?* This is three-dimensionally ordered macroporous polyimide (3DOM PI)
separator that is applied to the Li metal anode to improve its cycle performance of the Li
metal anode.>2® Li metal reacts with electrolytes to form a solid electrolyte interphase
(SEI) with an inhomogeneous morphology and composition. This SEI results in an
inhomogeneous Li" ion flux near the Li metal surface and Li deposition.?” It has been
reported that the 3DOM PI separator containing conventional organic electrolytes
provides significantly better cycle performance of Li deposition/dissolution owning to its
uniform structure generating a uniform Li* ion flux.3%3*

In this study, we proposed a 3DOM PI separator for LMBs with highly
concentrated ILEs. First, the affinity between the 3DOM PI separator and highly
concentrated ILEs was confirmed. Subsequently, Li deposition/dissolution cycle tests
were conducted to investigate the cycle performance of the Li metal anodes. Finally, the
charge/discharge cycle test was performed using cells with LiNig.5C002Mno302

(NCM523, 2.0 mAh cm™?) cathode and Li metal anode. The surfactant-coated PP

separator was used as a standard polyolefin separator.

2.2. Experimental

2.2.1. Preparation of 3DOM PI separator

The 3DOM PI separator was prepared using a colloidal crystalline template
method with mono-disperse silica particles. Polyamic acid (JVI-2002, JFE Chemical
Corp.) and mono-disperse silica spherical particles (Seahostar, Nippon Shokubai Co.,
Ltd.) were used as the precursors for the polyimide and template particles, respectively.

They were dispersed in N,N-dimethylacetamide (Wako Special Grade, Fujifilm Wako
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Pure Panaca Co., Ltd.) to prepare a slurry. The slurry was coated on PET films (PANA-
PEEL®NP-75-A, Panac Co., Ltd.) and thereafter dried to remove the solvent. The
precursor sheet was imidizated by heating at 320 °C for 2 h. The silica particles remaining
in the sheet were removed using a 10 wt% aqueous hydrofluoric acid solution. The

resulting 3DOM PI was dried under vacuum at 120 °C for 48 h.

2.2.2. Preparation of the electrolyte

Lithium bis(fluorosulfonyl)imide (LiFSI) was purchased from KISHIDA
CHEMICAL CO., Ltd. N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide
(Pyr13FSI) was purchased from KANTO CHEMICAL Co. LiFSI and Pyri3FSI were
mixed at a molar ratio of 1:1. The water content of the prepared electrolytes was analyzed
using the Karl Fischer titration method (Kyoto Electronic Manufacturing Co., Ltd., MKC-

710). The water content was < 50 ppm.

2.2.3. Affinity test between the separator and electrolyte

The height of the electrolyte lifted by the capillary action of the separator is an
indicator of its affinity for the electrolyte. A rectangular separator with a width of 1 cm
was used as the sample. One end of each separator was immersed in the electrolyte for 1

h. Subsequently, the lifting heights of the electrolytes were measured.

2.2.4. Characterization of the Li metal anode and separator
The morphologies of the Li metal and separator were observed through scanning

electron microscopy (SEM) (JSM-6490A, JEOL Ltd.). The cross-section of PI separator
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was observed by Focused ion beam (FIB) coupled SEM (SMF2000, Hitachi High-Tech
Corp.). The Ga ion beam for cross sectional cutting was accelerated by 30 kV. The cross
section of PP separator was observed by plasma FIB-SEM (Helios 5, ThermoFischer
Scientific Inc.). The N ion beam was used for cross sectional cutting. The acceleration
voltage was 30 kV. The mechanical strength of each separator was measured using a
tensile tester (Autograph AGS-X, SHIMADZU Corp.). The gas permeability of the
separators was measured using a Gurley permeability tester (No. 158 GURLEY TYPE
DENSOMETER; TOYOSEIKI Co., Ltd.). The chemical composition of the Li metal
surface was analyzed through X-ray photoelectron spectroscopy (XPS, JPS-9010MX,

JEOL Ltd.).

2.2.5. Tonic conductivity measurement

The ionic conductivity of the electrolyte in the separators was measured in the
cells consisting of Au electrodes and an electrochemical measurement system (VMP-300,
BioLogic Science Instruments). The impedance measurement was conducted using
alternating current (AC) voltage with +5 mV amplitude in the frequency ranges of 500
kHz to 100 mHz. The ionic conductivity, 6 (S cm™'), was determined using Equation (1)
as follows:

c=d/(RyS), (1)
where d denotes the separator thickness (cm), Ry, is the bulk resistance (Q2), and S is the

electrode area (cm?). The measurement was conducted in the temperature range 15-50

°C to obtain Arrhenius plots of ionic conductivity. In general, the Arrhenius plot for ionic

liquid is typically convex-shaped. Therefore, the curve fitting was conducted with the
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Vogel-Tammann-Fulcher (VTF) equation including the effect of the glass transition

temperature.’> 7 The VTF equation is expressed as follows:

6 = AT exp[-B/(T-Tv)], (2)

where 4 is related to a pre-exponential factor (S cm™ K'?), B is related to the activation

energy (K), T'is a temperature (K), and 7Ty is the ideal glass transition temperature (K). %

40

2.2.6. Electrochemical measurements

Li/Li symmetric cells and LiNigsMno2Co0302 (NCM523)/Li full cells were
constructed in a glovebox filled with Ar gas. Those cells used either a 3DOM PI separator
or a surfactant-coated PP separator (Celgard®3401, Celgard, LCC) to evaluate the effect
of the separator on Li deposition/dissolution behavior. Li foil on the Cu current collector
(100 pm Li/10 um Cu, Honjo Metal Co., Ltd.) was polished with a polystyrene brush and
used in Li/Li symmetric cells. NCM523 electrode sheet (bcaf-ncm523ss, MTI Corp.) with
2 mAh cm and polished Li foil on the Cu current collector (20 pm Li/10 um Cu, Honjo
Metal Co., Ltd.) were used in NCM523/Li full cells. All cells contained 50 pL of
electrolyte. This excess amount of electrolyte is 600—-850 % compared to the calculated
from the porosity of separators and cathode.

The Li deposition/dissolution test of Li/Li symmetric cells and the
charge/discharge test of NCM523/Li full cells were conducted at 30 °C using
charge/discharge test equipment (TOSCAT-3100, TOYO SYSTEM Co., Ltd.). The Li
deposition/dissolution test was performed at a capacity of 1 mAh cm™. The

charge/discharge test of the NCM523/Li full cell was performed in the voltage range of
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2.5-4.3 V with constant current-constant voltage mode for charging and constant current
mode for discharging.

The cell impedances for Li/Li symmetric cells and NCM/Li full cells were
measured using a frequency response analyzer built-in potentiostat/galvanostat (VMP-
300, TOYO Corporation) with AC voltage with +5 mV amplitude in the frequency ranges

of 500 kHz to 100 mHz. The electrochemical impedance spectra were obtained at 30 °C.

2.3. Results and discussion

2.3.1. Properties of separators

Figures 2—-1 (a) and (b) show the SEM images of the surfactant-coated PP and
3DOM PI separators. Pores 0.043 um in size were non-uniformly distributed in the
surfactant-coated PP separator.?’ Elongated pores in the same direction were observed at
the cross-section of the separator because of the separator preparation process. In contrast,
the 3DOM PI separator consisted of 300 nm macropores, which are regularly packed in
a 3D space. In addition, approximately 75 nm pores connecting the pores between the
macropores were also observed. The physical properties of the surfactant-coated PP and
3DOM PI separators are summarized in Table 1. The porosity of the surfactant-coated PP
separator was 41 %, whereas that of the 3DOM PI separator was 78 %. The high porosity
contributed to the uniform pore structure of the separator but resulted in a low mechanical
strength of the 3DOM PI separator. The tensile strength of the surfactant-coated PP
separator was 13 N, whereas that of the 3DOM PI separator was 1.5 N. The Gury numbers
of the surfactant-coated PP and 3DOM PI separators were 620 and 160 s for 100 cm? of
air, respectively. The 3DOM PI separator exhibited higher permeability owing to the large

pore volume and their high connectivity. Figures 2—1 (e) and (f) show the lifting height
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of the highly concentrated ILE by the capillary action of the surfactant-coated PP and
3DOM PI separators, respectively. The lifting height corresponded to the affinity of the
electrolyte for the separator. A height of 1 mm was observed when the surfactant-coated
PP separator was used, whereas a height of 5 mm was observed when the 3DOM PI
separator was used. These results indicate that each separator has not only a different
affinity for the electrolyte depending on the porosity and type of polymer material, but
also different 3D pore structures.

The ionic conductivities of the surfactant-coated PP and 3DOM PI separators
with highly concentrated ILE were investigated to study the effect of the separators on
the ionic conductivity of the electrolyte. Figure 2—1 (g) shows the Arrhenius plots of the
highly concentrated ILE in the separators. The intrinsic ionic conductivity of the bulk
electrolyte at 30 °C was 1.40 mS cm ™. The ionic conductivity of highly concentrated ILE
in the surfactant-coated PP and 3DOM PI separators was 0.11 and 0.28 mS cm™,
respectively. The ionic conductivities of the electrolyte in the surfactant-coated PP and
3DOM PI separators were lower than those in the bulk electrolyte. The ionic conductivity
of the electrolyte with 3DOM PI separator was higher than that of the electrolyte with the
surfactant-coated PP separator. The porosities and Gurley numbers of the separators were
related to their ionic conductivities.*!**? The porosity ratio between the surfactant-coated
PP and 3DOM PI separators was 1:1.9 and the ionic conductivity ratio was 1:2.5. The
ionic conductivity ratio expected from the porosity differed from the measured value.
This difference may be attributed to the difference in the tortuosity of the separators or
the interaction between the polymer matrix and highly concentrated ILE. The latter effect
influences the activation energy of the ionic conductivity. The Arrhenius plots were fitted
using the VTF equation (Equation (2)) to determine the parameter of B, which is related
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to the activation energy for ion transport. The parameters of B for bulk electrolyte and
those in the surfactant-coated PP and 3DOM PI separators were 897.0, 857.6, and 880.7
K, respectively. These values did not significantly differ from each other, indicating that
the ion transport mechanisms of the bulk electrolyte and the electrolyte in separators were
similar. Therefore, the interaction between the highly concentrated ILE and polymer
matrix is almost negligible. In conclusion, the ionic conductivity of highly concentrated
ILE in separators was determined by their tortuosity. The 3DOM structure exhibited
smaller tortuosity, indicating that a uniform porous structure is suitable for achieving a

lower resistance in real cells.

2.3.2. Li deposition/dissolution performance

Separators with different ionic conductivities exhibited different maximum
current densities for stable Li deposition/dissolution reactions. Li deposition/dissolution
tests were conducted using Li/Li symmetric cells at various current densities (0.1-3.0 mA
cm 2). The capacity of Li deposition/dissolution was 1.0 mAh cm . Figures 2-2 (a) and
(b) show the voltage profiles of the Li deposition/dissolution cycles at different current
densities. For the cell with the surfactant-coated PP separator, the maximum current
density was less than 2.0 mA cm 2. In contrast, the stable voltage profile was observed at
3.0 mA cm 2 for the cell with the 3DOM PI separator. Stable Li deposition/dissolution
cycles were realized because of the higher ionic conductivity and lower polarization.

The uniform current distribution leads to the improved performance of the Li
deposition/dissolution cycle. The type of separator significantly influences the
morphology of the Li metal deposits and the cycle life of the Li metal anodes. The cycle
performance of Li metal was investigated using Li/Li symmetric cells with surfactant-
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coated PP and 3DOM PI separators. The capacity for Li deposition/dissolution cycle was
1 mAh cm™? and the current density was 1.0 mA cm 2. Figures 2-2 (c) and (d) show the
voltage profiles of the Li/Li symmetric cell with the surfactant-coated PP separator and
the 3DOM PI separator. The cell with the surfactant-coated PP separator exhibited a
polarization of 150 mV in the 1st cycle. The polarization then decreased to 110 mV over
60 cycles and rapidly decreased to 20 mV after the 80th cycle. In contrast, the cell with
the 3DOM PI separator exhibited a stable polarization of approximately 50 mV for 50
cycles. Subsequently, the polarization gradually decreased to 20 mV.

Cell impedance is also important for investigating the stability of Li metal anodes.
Figures 2-2 (e) and (f) show the Cole—Cole plots at the 1st, 2nd, 3rd, 10th, 50th, and
100th cycles. For the surfactant-coated PP separator, the interfacial resistance in the 1st
cycle was six times higher than that before the first cycle. The bulk and interfacial
resistances rapidly decreased from the 2nd to the 50th cycle because of the increase in the
Li metal surface area. The bulk resistance at the 100th cycle increased, which was related
to the decomposition and depletion of the electrolyte. Li metal, which has a large surface
area, i1s highly reactive with the electrolyte, resulting in more active electrolyte
decomposition. In contrast, the Li deposition/dissolution behavior of the 3DOM PI
separator was more stable than that of the surfactant-coated PP separator over 100 cycles.
The bulk and interfacial resistances of the cell with the 3DOM PI separator decreased
gradually. After 100 cycles, the polarization of the 3DOM PI separator was similar to that
of the surfactant-coated PP separator, this may be due to an increase in surface which
leads to a decrease in SEI layer resistance. The uniform current distribution from the
uniform porous structure of the 3DOM PI separator contributed to the uniform deposition

of Li metal, resulting in better cycle performance of the Li metal anode than, that of the
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cell with the surfactant-coated PP separator.

The morphology of the deposited Li metal was observed using SEM to
investigate the effect of the 3DOM PI separator. The cell was disassembled after the 1st,
10th, and 50th cycles, and the Li metal surface was observed. Figures 2—3 (a—f) show
SEM images of the deposited Li metal. The Li metal deposited in the cell with a
surfactant-coated PP separator was not uniform. Whisker-like deposits were observed
even in the Ist and 10th cycles. In the 50th cycle, large and significantly fine particles
were observed, which actively reacted with the electrolytes. In contrast, the Li metal
deposited in the cell with the 3DOM PI separator, after all cycles, exhibited a granular
size of 10 pum. The surface area of Li metal was smaller and it suppressed chemical
reactions with the electrolyte. These results are consistent with the behavior of the Cole—
Cole plots.

The composition of the SEI layer is considered one of the important parameters
required for a stable Li deposition/dissolution reaction.**” During the deposition of Li
metal, the electrolyte decomposes to form SEI layers. The SEI layers of the deposited Li
metal in the 1st cycle of the cells with the surfactant-coated PP and 3DOM PI separators
were analyzed through XPS. Figure 2—4 shows Fls, Ols, and Cls spectra. The peak
positions and intensities were not significantly different. The compositions of the SEI
layers of the surfactant-coated PP and 3DOM PI separators were similar. Therefore, the
difference in Li deposition/dissolution performance is attributed to the ionic conductivity
and morphology of the deposited Li metal. The significant internal resistance observed in
the 1st cycle of the cell with the surfactant-coated PP separator may be attributed to the
severe decomposition behavior of ILE or non-uniform volume expansion of the Li metal

owing to the concentrated current distribution. In contrast, the surface area of the Li metal
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deposited with the 3DOM PI separator was smaller, which suppressed the chemical
reaction. From these results, it is evident that the 3DOM PI separator with a uniform
porous structure provides a more uniform deposition of Li metal and more reversible
deposition/dissolution cycle behavior than other separators with non-uniform porous

structures.

2.3.3.  NCM523/Li full cell performance

The performance of the separators was investigated using NCM523/Li full cells
with Li metal anodes and cathodes. NCM523/Li full cells with surfactant-coated PP or
3DOM PI separator were also prepared. Charge/discharge tests were conducted on both
full cell types. Figure 2—5 (a) shows discharge capacities at various currents in the range
of 0.1-1.0 C rate (0.2-2.0 mA cm2). The discharge capacity of the cell with the
surfactant-coated PP and 3DOM PI separators were 164.6 and 172.1 mAh g ' at 0.1 C
rate, and 15.8 and 117.5 mAh g ! at 1.0 C rate, respectively. The charge/discharge test
was conducted at 0.1 C rate after the rate capability test, and the discharge capacities of
both cells recovered. The 3DOM PI separator exhibited a higher rate capability than the
surfactant-coated PP separator. These results indicate that the ionic conductivity of highly
concentrated ILE in the separators significantly affects their rate capabilities.

Figure 2-5 (b) shows the discharge capacity and coulombic efficiency over 50
cycles. The charge/discharge test was conducted at 0.1 C rate for the initial three cycles
and at 0.5 C rate after the 4th cycle. The discharge capacity of the cell with the surfactant-
coated PP separator was 130.0 mAh g! at the 4th cycle. Thereafter it gradually decreased
to 45.8 mAh g! at the 50th cycle. In the case of the 3DOM PI separator, the discharge
capacity was 160.6 mAh g! at the 4th cycle, which was maintained during 50 cycles. The
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charge/discharge curves are shown in Figs. 2—6 (a) and (b). The polarization of the cell
with the surfactant-coated PP separator increased during the cycling tests. The
charge/discharge curves of the cell with the 3DOM PI separator did not change
significantly, indicating that the internal resistance was stable during cycling. The
coulombic efficiency of the cell with the surfactant-coated PP separator was 83.79 % in
the initial cycle, whereas the average coulombic efficiency from the 5th cycle to the 50th
cycle was 97.56 %. For the 3DOM PI separator, the coulombic efficiency was 88.71 %
in the initial cycle, whereas the average coulombic efficiency from the 5th cycle to the
50th cycle was 99.89 %. The 3DOM PI separator contributed to a more stable discharge
capacity and higher coulombic efficiency than the surfactant-coated PP separator.

Cell impedance during the charge/discharge process was investigated to evaluate
the stability of the NCM523/Li full cells. EIS was performed at a state of charge of 10 %.
Figures 2-5 (c) and (d) show the Cole—Cole plots. The interfacial resistance of the cell
with the surfactant-coated PP separator increased during the 2nd and 3rd cycles. This
behavior may be due to the severe decomposition behavior of ILE or the non-uniform
volume expansion of the Li metal anode and cathode owing to the concentrated current
distribution. The bulk resistance increased after the 10th cycle. This may be related to
electrolyte depletion. This behavior was also supported by the low coulombic efficiency
in the charge/discharge cycles. For the 3DOM PI separator, the bulk and interfacial
resistances decreased from the 3rd cycle to the 10th cycle owing to the increase in the Li
metal surface area. Subsequently, the Cole—Cole plot exhibited stable behavior over 40
cycles.

The morphology of the deposited Li metal was observed through SEM to

investigate the effect of the 3DOM PI separator on the NCM523/Li full cell. The cell was
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deconstructed after the 1st, 10th, and 50th cycles, and the Li metal surface was observed.
Figures 2—6 (a—f) show SEM images of the deposited Li metal. The Li metal deposited in
the full cell with the surfactant-coated PP separator after all cycles was whisker-like with
a high surface area. In contrast, the deposited Li metal in the full cell with the 3DOM PI
separator, after all cycles, exhibited a granular size of 10 um.

These results are consistent with each other. The uniform electrode reaction
provided by the 3DOM PI separator reduces the surface area of the Li metal and thus
suppresses excessive electrolyte decomposition. The suppression of side reactions results
in a more reversible charge/discharge reaction and higher coulombic efficiency. This

behavior provided a lower internal resistance and high discharge capacity over 50 cycles.

2.4. Conclusion

In this study, a 3DOM PI separator was proposed as a high-affinity separator for
highly concentrated ILE. Both the affinity for ILE and the electrochemical properties of
the 3DOM PI separator were investigated and compared with those of conventional
surfactant-coated PP separators. The 3DOM PI separator comprised polyimide and
exhibited high porosity and a 3D-ordered pore structure. These properties provided a
better affinity for highly concentrated ILE and higher ionic conductivity than those of the
surfactant-coated PP separator. The higher ionic conductivity of the 3DOM PI separator
with ILE provided a higher maximum current density of Li metal deposition/dissolution
for Li/Li symmetric cells and a higher rate capability for the NCM523/Li full cell. These
observations indicate that the ionic conductivity of highly concentrated ILE in the
separators significantly affects their rate capabilities. Moreover, the Li/Li symmetric cell
and NCM523/Li full cell with the 3DOM PI separator provided more stable internal
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resistance and cycle performance than those with the surfactant-coated PP separator.
Because the chemical composition of the SEI layer on the Li metal surface was almost
the same, the morphology of the deposited Li metal was an important factor determining
the cycle performance of the cells. The 3D-ordered uniform pore structure of the 3DOM
PI separator provided a non-dendritic Li metal deposition morphology, resulting in high

coulombic efficiency and high cycle stability.
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Table 1. Physical properties of the surfactant-coated PP and the 3DOM PI separator.

Tickness Pore size Porosity Tensile strength  Gurley number
[m] [nm] [%] IN] [s cm’]
Surfactant-caoted PP 25 43 41 13 620
3DOM PI 28 300 (75) 75 1.5 160
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Figure 2—1. SEM images of surfactant-coated PP and 3DOM PI separators; (a) surface
of the surfactant-coated PP separator, (b) surface of the 3DOM PI separator, (c) cross
section of the surfactant-coated PP separator, and (d) cross section of the 3DOM PI
separator. Lift up of ILE by (e) surfactant-coated PP separator and (f) 3DOM PI separator.

(g) Arrhenius plots of ionic conductivities of various separators including ILE.
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Figure 2-2. Voltage profiles of Li/Li symmetrical cells at various current densities using

(a) surfactant-coated PP separator and (b) 3DOM PI separator. Voltage profiles of Li/Li

symmetrical cells at 1.0 mA cm™ using (c) surfactant-coated PP separator and (d) 3DOM

PI separator. Cole—Cole plots during Li deposition/dissolution cycles in Li/Li

symmetrical cells using (e) surfactant-coated PP separator and (f) 3DOM PI separator.
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Figure 2-3. SEM images of deposited Li metal surface in Li/Li symmetrical cells using

(a—c) surfactant-coated PP separator and (d—f) 3DOM PI separator after different

charge/discharge cycles.
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at the initial cycle in Li/Li symmetrical cells (blue line: surfactant-coated PP separator

and red line: 3DOM PI separator).
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Figure 2-5. (a) Discharge capacity of NCM523/Li full cells at various current densities.

(b) Discharge capacity and coulombic efficiency of NCM523/Li full cells. Cole—Cole
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PP separator and (d) 3DOM PI separator.
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(a—c) surfactant-coated PP separator and (d—f) 3DOM PI separator.
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Chapter 3: Improvement of the Electrochemical
Performances of Li-Metal Anode by Composite of Ion
Gel Electrolyte and Three-Dimensionally Ordered

Macroporous Polyimide Separator

3.1. Introduction

Li-metal anode is one of the most promising anode materials because of its high
theoretical capacity (3860 mAh g ') and extremely low redox potential (—3.04 V vs. SHE).
1.2 Li-metal anode has been combined with various cathode materials to fabricate next-
generation rechargeable batteries, such as Li-air, Li-S, and Li-metal batteries (LMBs). **
However, Li-metal anode has various problems, such as low cycle performance caused
by an internal short circuit owing to nonuniform Li deposition during cycling and low
coulombic efficiency owing to a breakdown of a solid electrolyte interface (SEI) layer by
a volume change of Li metal. >° In addition, some carbonate-based electrolytes used in
LMBs are highly flammable and volatile, leading to serious problems in the safety of
LMBs. ’” To keep the safety of LMBs, the operating temperature of LMBs is limited to
around room temperature. Moreover, an introduction of cooling systems is sometimes
required, resulting in a reduction of energy density. Therefore, the electrolyte used in
LMBs should contribute to high cycle performances, coulombic efficiency, and safety.

Some electrolytes have been incorporated into polymer matrices, such as
poly(ethylene oxide) (PEO), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), and poly(methyl methacrylate) (PMMA), to form gel polymer electrolytes (GPEs)

to realize higher safety of electrolytes. 5!* These electrolytes having a low volatility
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improve the safety of LMBs. Particularly, GPEs can suppress a leakage of electrolytes
contributing a higher battery safety and an easier fabrication of battery. '* On the other
hand, ionic liquid electrolytes (ILEs) have attracted much attention as a candidate for
electrolytes with high safety. !>!° ILs are salts in the liquid state consisting only of anions
and cations, with negligible volatility and high thermal stability. Various combinations of
anions and cations have been investigated as ILEs for LMBs. Pyrrolidinium-based ILEs
have been reported as the most promising electrolyte with higher electrochemical stability
and ionic conductivity. 7-?° It has been reported that highly concentrated LIEs with high
Li salt concentration have improved Li" transferase number, rate performances, and cycle
performances owing to a unique lithium conduction mechanism?'2.

GPE with ILEs has attracted attention as a safe electrolyte, which was reported
in 1993. 23 Watanabe et al. have developed the GPEs with ILs, which are so-called "ion
gels” (IGs). »* An amount of polymer matrix is minimized to achieve high ionic
conductivity of IGs. However, the mechanical strength of the IGs is decreased with
decreasing amount of polymer. The high mechanical strength is required to prepare the
self-standing thin membrane of 1Gs. So far, various investigations have been conducted
to resolve the trade-off relationship between ionic conductivity and mechanical strength
of IGs. '* Recently, various polymer matrices for IGs have been developed, such as
functional polyhedral oligomeric silsesquioxane (POSS)-crosslinked poly(ethylene
glycol) (PEG) hybrid networks and tetra-arm poly(ethylene glycol) (TetraPEG) with
higher mechanical strength. 22 Thinner (<30 pm) electrolytes are required to improve
the energy density of LMBs. To prepare a thin IG electrolyte, a composite between 1G

electrolytes and a poly-olefin separator has been proposed. 2 In the report, the

demonstration for the charge—discharge of cells has been conducted by using composite
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electrolytes between IG electrolytes and a surfactant-coated polypropylene (PP) separator.

In the case of a high-area capacity cycle for cells with Li metal anode, the
separator strongly affects the cycle performance of the cell. 27 We have developed an
ultrafine porous polyimide membrane with an inverse opal structure. This membrane is a
three-dimensionally ordered microporous polyimide (3DOM PI). 2 The uniform
structure of this separator is very useful for achieving uniform Li" flux and improving a
cycle performance of Li-metal anodes. Another very important aspect of the 3DOM PI
separator is its high affinity to highly viscous electrolytes, such as concentrated
electrolytes and ILEs, which have not been utilized in lithium batteries. *!-*> This separator
enables to use of these electrolytes in Li batteries with carbon or Li-metal anode. The
combination of the 3DOM PI and highly viscous electrolytes provides a better cycle
performance for Li-metal anodes.

In this report, we propose a 3DOM PI-IG composite electrolyte employing
pyrrolidinium-based highly concentrated ILE, which is a quasi-solid electrolyte. PMMA
was used as a polymer matrix of IG electrolytes. By using the separators as a framework
of composite electrolytes, a self-standing membrane with less than 30 um thickness was
successfully prepared by using IG electrolytes with low mechanical strength. The three
types of electrolytes were compared here: IG electrolyte, PP-IG composite electrolyte,
and 3DOM PI-IG composite electrolyte. The unique structure of the 3DOM PI separator
also achieves higher ionic conductivity and a highly reversible Li deposition/dissolution
cycle, compared with the other electrolytes. Full cells with a LiNigps5C002Mng30>
(NCM523, 2.0 mAh cm ) cathode and Li-metal anode were also fabricated by employing
the 3DOM PI-IGE composite electrolyte. The better charge-discharge cycle

performances were confirmed.
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3.2 Experimental

3.2.1. Preparation process of 3DOM PI-IG composite electrolyte

An IG electrolyte precursor was cast on the surfactant-coated PP or 3DOM PI
separator and sandwiched between a polytetrafluoroethylene (PTFE) sheet and then
heated at 75 °C for 12 hours for in-situ polymerization in the separator. In the case of
pristine IG electrolyte, the thickness of the self-standing membrane was controlled by 300
um spacers. The preparation procedure of the 3DOM PI separator has been reported
previously. 1G electrolyte precursor was prepared from the highly concentrated ILE and
polymeric precursor solution with mixing weight ratio of 90:10. The highly concentrated
ILE was prepared from Li bis(fluorosulfonyl)imide (LiFSI, KISHIDA CHEMICAL CO.,
Ltd.) and N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide (Pyri3FSI, KANTO
CHEMICAL Co., Inc,). LiFSI and Pyri3FSI were mixed in a molar ratio of 1:1. The water
content of the preparation electrolyte was confirmed to be lower than 50 ppm, using the
Karl Fischer titration method (Kyoto Electronic Manufacturing Co., Ltd., MKC-710).
Polymeric precursor solution was prepared from methyl methacrylate (MMA, FUJIFILM
Wako Pure Chemical Corp.), 5 wt% of ethylene glycol dimethacrylate (EDGMA,
FUJIFILM Wako Pure Chemical Corp.) to MMA, and 0.2 wt% of 22’-

azobis(isobutyronitrile) (AIBN, FUJIFILM Wako Pure Chemical Corp.) to MMA.

3.2.2. Physical characterization of the composite electrolyte and Li-metal anode
The morphologies of the separators and Li metal were observed using scanning
electron microscopy (SEM) (JSM-6490A, JEOL Ltd.). The gas permeability of the

separators was measured by using a Gurley permeabilities tester (No. 158 GURLEY
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TYPE DENSOMETER, TOYOSEIKI Co., Ltd.). The mechanical strength of the
separators and composite electrolytes was measured by using a tensile tester (Autograph

AGS-X, SHIMADZU Corp).

3.2.3. Electrochemical characterization of the electrolytes

The cationic transference numbers # of the electrolytes were measured using a
frequency response analyzer built-in potentiostat/galvanostat (VMP-300, BioLogic
Science Instruments) and Equation (1) as follows:

ty = is(4V=ioRo ) / io(4V=isRs ) (1)
where AV is the applied voltage (V), i is the current (A), and R is the interfacial resistance
(Q). Subscripts 0 and s indicate the initial and steady-state values, respectively. -3¢ Here,
the 47 was 5 mV, and the impedance measurement was performed using alternating
current (AC) voltage with £5 mV amplitude in the frequency ranges from 500 kHz to 50
mHz.

The ionic conductivity of the electrolytes was measured also using pouch-type
cells with two Au electrodes and a frequency response analyzer built-in
potentiostat/galvanostat (VMP-300). The impedance measurement was performed using
AC voltage with +5 mV amplitude in the frequency ranges of 500 kHz to 50 mHz. The
ionic conductivity, 6 (S cm™!), was determined using Equation (2) as follows:

o =d/(Ry S) ()
where d denotes the separator thickness (cm), Ry, is the bulk resistance (Q2), and S is the
electrode area (cm?). The ionic conductivity measurement was performed in the
temperature range of 15-50 °C. In general, the Arrhenius plot for ILs and IGs is typically

convex-shaped. Therefore, the curve was fitted with the Vogel-Tammann-Fulcher (VTF)
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equation including the effect of the glass transition temperature. >’ The VTF equation is
expressed as Equation (3) as follows:

6 = AT V2 exp[-B/(T-To)] (3)
where 4 is related to a pre-exponential factor (S cm™! K'?), B is related to the activation

energy (K), T'is a temperature (K), and T is the ideal glass transition temperature (K) *-
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3.2.4. Li deposition/dissolution tests

The Li/Cu pouch-type cells were constructed by using the prepared electrolytes,
Li metal on the Cu current collector (100 um Li/10 um Cu, Honjo Metal Co., Ltd.), and
Cu current collector. The cells were fabricated in an Ar-filled glovebox. Three types of
electrolytes were used: pristine IG electrolyte, PP-IG composite electrolyte, and 3DOM
PI-IG composite electrolyte. Li deposition/dissolution tests were performed at a current
density of 0.25 mA cm ™ for 1 hour at 30 °C using charge—discharge test equipment
(TOSCAT-3100, TOYO SYSTEM Co., Ltd.). The cut-oft voltage of the dissolution
process was set at 2.5 V. The cell impedances for Li/Cu cells were measured using a
frequency response analyzer built-in potentiostat/galvanostat (VMP-300) with AC

voltage with £5 mV amplitude in the frequency ranges from 500 kHz to 50 mHz.

3.2.5. Charge—discharge test of the full cells

The pouch-type full cells were constructed by using the electrolytes, NCM523
(bcaf-ncm523ss, MTI Corp.) with 2 mAh cm2, and Li metal on the Cu current collector
(20 pm Li/10 pm Cu, Honjo Metal Co., Ltd.) in an Ar-filled glovebox. Three types of

electrolytes were used: pristine IG electrolyte, PP-IG composite electrolyte, and 3DOM
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PI-IG composite electrolyte. The charge/discharge test of NCM523/Li full cells was
performed at 30 °C using charge/discharge test equipment (TOSCAT-310). The
charge/discharge test of the NCM523/Li full cell was performed with a constant current-
constant voltage (CC-CV) mode for charging and a CC mode for discharging in the

voltage range of 2.5-4.3 V.

3.3. Results and discussion

3.3.1. Physical properties of the electrolytes

Figures 3—1 (a—c) show photographs of the prepared electrolytes: pristine 1G
electrolyte, PP-IG composite electrolyte, and 3DOM PI —IG composite electrolyte. These
electrolytes were prepared as self-standing membranes with thicknesses of 300, 25, and
30 pm, respectively. Figures 3—1 (d) and (e) show the SEM images of the surface and
Figs. 3—1 (e) and (f) show the SEM images of the cross-section for surfactant-coated PP
and 3DOM PI separators. The surfactant-coated PP separator consisted of nonuniformly
distributed pores with less than 50 nm size, while the 3DOM PI separator consisted of
uniformly distributed pores with approximately 300 nm size. The connecting pores with
approximately 75 nm size were also observed in the 3DOM PI separator. Figures 3—1 (g)
and (h) show the cross-sectional SEM images of PP-IG and 3DOM PI-IG composite
electrolytes. The original porous structure of the pristine separators was confirmed from
the cross-sectional SEM images. In contrast, no open pores were observed in the
composite electrolyte, indicating that all pores were filled with the IG electrolyte. The
porosity and Gurley number of the separators are listed in Table 1. The porosity of the
surfactant-coated PP separator was 41 %, while that of the 3DOM PI separator was 78 %.
The higher porosity corresponded to the uniform pore structure of the separator. The
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Gurley number of the surfactant-coated PP and 3DOM PI were 620 and 160 sec for 100
cm? of air, respectively. The higher permeability of the 3DOM PI separator is due to the
higher porosity and connectivity of pores.

A tensile strength test was performed to investigate the mechanical strength of
the prepared electrolytes. Figures 3—2 (a) and (b) show the stress—strain curves of the
pristine electrolytes and the prepared composite electrolytes. The tensile strength of the
pristine IG electrolyte, PP-IG composite electrolyte, and 3DOM PI-IG composite
electrolyte were 0.05, 13.23, and 0.80 N, respectively. The pristine IG electrolyte
exhibited extremely low mechanical strength, but the mechanical strength of the
composite electrolytes was significantly improved by the separators as a framework. The
mechanical strength of the surfactant-coated PP and 3DOM PI separators was 13.12 and
0.96 N, respectively, which were comparable to those of the composite electrolytes. These
results indicate that the mechanical strength of the composite electrolytes depends on
those of separators as a framework. The lower porosity of the surfactant-coated PP

electrolyte may contribute to higher mechanical strength.

3.3.2.  Electrochemical properties of the electrolytes

An ionic conductivity measurement was performed to investigate the effect of
the separators on the ionic conductivities. Figure 3—3 (a) shows the Arrhenius plots of the
ionic conductivity of the electrolytes. The ionic conductivity of pristine IG electrolyte,
PP-IG composite electrolyte, and 3DOM-IG composite electrolyte were 0.61, 0.06, and
0.16 mS cm™!, respectively. The pristine IG electrolyte exhibited the highest ionic
conductivity, followed by 3DOM-IG and PP-IG composite electrolytes. There was no
significant difference in the slope of Arrhenius plots, indicating that the ionic conduction

54



mechanisms of these electrolytes were similar to each other. Therefore, the interaction
between the separator and IG electrolyte is negligible. Since the pore structure of the
separator, such as the porosity, Gurley number, and tortuosity, are strongly related to ionic
conductivity, the unique pore structure of the 3DOM PI separator can provide higher ionic
conductivity than the surfactant-coated PP separator.

The thickness of the electrolyte between the anode and cathode is an important
parameter that has a significant effect on the internal resistance of cells. To evaluate the
electrolytes properly, the conductance of the real electrolytes used in cells should be taken
into account. Figure 3-3 (b) shows the Arrhenius plots of the conductance of the
electrolytes. The conductance of pristine IG electrolyte, PP-IG composite electrolyte with
25 mm thickness, and 3DOM-IG composite electrolyte with 28 mm thickness were 47.8,
51.0, and 124.5 mS, respectively. The PP-IG composite electrolyte had a higher
mechanical strength, but its conductance was lower than that of the pristine IG electrolyte.
On the other hand, the 3DOM PI-IG composite electrolyte exhibited both high
mechanical strength and conductance compared with other electrolytes. In practical, it
can be said that the composite electrolyte between 3DOM-PI and GI is the most promising

electrolyte membrane.

3.3.3. Li deposition/dissolution tests

The Li deposition/dissolution performances were evaluated by using Li/Li
symmetric cells with three types of electrolytes at various current densities (0.1-1.0 mA
cm2). The area capacity of deposition/dissolution was 0.5 mAh cm™2. Figs 34 (a—)
show the voltage profiles during the Li deposition/dissolution at various current densities.
The cell employing the pristine IG electrolyte exhibited a rapid decrease in polarization
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at 0.5 mA cm2 owing to an internal short circuit. The cells employing the PP-IG and
3DOM PI-IG composite electrolytes did not show the internal short circuit up to 0.3 and
0.7 mA cm2, respectively. The higher conductance of the 3DOM PI-IG composite
electrolyte contributed to Li deposition/dissolution at higher current density. The internal
short circuit depends on the thickness of the electrolyte part. The higher current density
for the pristine IG electrolyte than that for the PP-IG composite electrolyte was
understood by the difference in thickness.

The Li deposition/dissolution cycle performance was investigated at a current
density of 0.25 mA cm 2 and a deposition/dissolution area capacity of 0.25 mAh cm 2.
Figures 3-5 (a—c) show the voltage profiles of the cells employing three types of
electrolytes during the Li deposition/dissolution cycle performance tests. The cell
employing the pristine IG electrolyte exhibited polarization of 60—70 mV and rapidly
decreased at the 10th cycle owing to an internal short circuit. The cell employing the PP—
IG and 3DOM PI-IG composite electrolytes exhibited polarization of 100—-150 and 50—
60 mV, respectively. These results suggest that the introduction of the separator as a
framework increases the mechanical strength of the self-standing membrane and
suppresses a penetration of Li metal. In addition, the higher conductance of the 3DOM
PI-IG composite electrolyte provided a lower polarization, suggesting that the uniform
pore structure of the 3DOM PI separator contributed to a more stable Li
deposition/dissolution behavior.

The impedance of the cells was measured to investigate the stability of the
interface between Li metal and electrolyte/separator. Figures 3—6 (a—c) show the Cole—
Cole plots of the Li/Li symmetric cells employing three types of electrolytes at the 1st,

10th, and 50th cycles. The lowest interfacial resistance at the 1st cycle among the prepared
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electrolytes was observed when using the pristine IG electrolyte. Probably, a flexibility
of pristine IG electrolyte contributes to the formation of good interface between Li metal
and electrolyte. The small interface resistance after the 10th cycle may be due to micro
short circuit behavior. The cell employing the PP—IG composite electrolyte exhibited
unstable interfacial resistance in each cycle, indicating that the interface between Li metal
and this electrolyte was not stable. This is related to the unstable Li deposition/dissolution
behavior of the cell with PP-IG composite electrolyte. On the other hand, the cell
employing the 3DOM PI-1G composite electrolyte exhibited stable interfacial resistance
in all cycles, contributing to a stable Li deposition/dissolution behavior.

The deposited Li metal morphology was observed with SEM. The Li/Li
symmetric cells were disassembled after the Li deposition/dissolution test, and then the
Li metal surface was observed. Figures 3—7 (a—c) show the SEM images of deposited Li
in the cell with three types of electrolytes after the 1st cycle. The cells employing the
pristine IG electrolyte provided nonuniform Li deposition. This morphology may
contribute to a micro short circuit. The cell employing the PP-IG composite electrolyte
provided a nonuniform Li deposition owing to the unstable interfacial formation as
discussed above. The cells employing the 3DOM PI-IG composite electrolyte provided
a uniform Li deposition owing to its unique uniform pore structure, which contributes to

the stable interfacial formation and Li deposition/dissolution behavior.

3.3.4. Charge—discharge tests

Charge—discharge tests were performed using the full cells employing the
NCM523 cathode and three types of electrolytes. Figures 3—8 (a—c) show the charge—
discharge curves of the NCMS523/Li full cells at 0.1C (0.2 mA cm™2). The prepared
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electrolytes, pristine IG electrolyte, PP-IG composite electrolyte, and 3DOM PI-IG
composite electrolyte, exhibited discharge capacities of 80, 105, and 172 mAh g},
respectively, at the 1st cycle. The low discharge capacities of the full cells employing the
pristine IG electrolyte and PP—IG composite electrolyte are due to higher polarization
caused by higher internal resistance. In addition, the full cell employing the pristine IG
electrolyte was not able to be charged to cut-off voltage. The charging voltage was limited
to approximately 3.8 V, which was due to a micro short circuit. On the other hand, the full
cell employing 3DOM PI-IG composite electrolyte exhibited an excellent capacity
corresponding to the theoretical value of NCM 523 and stable charge—discharge curves.
Figure 3-9 (a) shows the discharge capacity and Fig. 3-9 (b) shows the
coulombic efficiency of the charge—discharge tests using the NCM523/Li full cells. The
discharge capacity of the full cells employing the pristine IG electrolyte and PP-IG
composite electrolyte gradually decreased, while the cells employing the 3DOM-IG
composite electrolyte exhibited higher and more stable discharge capacity. The average
coulombic efficiencies of the full cells employing the pristine IG electrolyte, PP-IG
composite electrolyte, and 3DOM PI-1G composite electrolyte from the 2nd to 20th
cycles were 29.18, 95.63, and 99.97 %, respectively. The extremely low coulombic
efficiency of full cells with the pristine IG electrolyte was due to a micro short circuit.
The low coulombic efficiency of the full cells employing the PP—IG composite electrolyte
suggested more active undesirable reactions, mainly electrolyte decomposition.
Nonuniform Li deposition promotes a breaking down solid electrolyte interphase (SEI)
layer which can produce a fresh Li metal surface. This contributes to further reactions
with electrolytes, leading to a more unstable interface between the Li metal and

separator/electrolyte. On the other hand, the full cells employing 3DOM PI-1G composite
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electrolyte exhibited higher and more stable coulombic efficiency owing to more uniform
Li deposition. The unique and uniform pore structure of the 3DOM PI separator provides
a more uniform Li" ion flux and current distribution, which contributes to the more
uniform Li deposition. The reactivity of the 3DOM PI separator with IG electrolytes is
lower than that of the 3DOM PI separator with ILEs, owing to the lower fluidity of gel
electrolytes. The 3DOM PI-IG composite electrolyte is the best electrolyte for Li metal

anode.

3.4. Conclusion

The surfactant-coated PP and 3DOM PI separators were introduced as a
framework for the pristine IG electrolyte. The separator improved the mechanical strength
of the IG electrolyte membrane, so that the self-standing membranes were successfully
prepared. The improvement of the mechanical strength suppressed an internal short
circuit owing to the nonuniform Li deposition/dissolution behavior. In particular, the
3DOM PI-IG composite electrolyte membrane exhibited highly stable Li
deposition/dissolution behavior. The NCM523/Li full cell composed with the 3DOM PI-
IG composite electrolyte exhibited higher coulombic efficiency and cycle performance.
The high porosity and uniform porous structure of the 3DOM PI separator provided
higher conductance of the electrolyte layer, leading to more uniform Li
deposition/dissolution behavior owing to more uniform interface formation between Li
metal and electrolyte. The composite of the 3DOM PI separator and IG electrolyte was
useful to improve the trade-off relationship between ionic conductivity and mechanical

strength of the IG self-standing membrane.
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Table 1. Physical properties of the surfactant-coated PP and the 3DOM PI separator.

Tickness Pore size Porosity Gurley number
[um] [nm] [%] [s cm”]
3DOM PI 28 300 (75) 75 160
Surfactant-coated PP 25 43 41 620
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(a) IG (b) PP-IG  (c) 3DOM PI-IG

Figure 3—1. Photograph of prepared electrolytes: (a) pristine 1G electrolyte, (b) PP-IG
composite electrolyte, and (c) 3DOM PI-IG composite electrolyte. Cross-section SEM
images of (d) surfactant-coated PP separator, (¢) 3DOM PI separator, (f) PP-IG composite

electrolyte, and (g) 3DOM PI-IG composite electrolyte.
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Figure 3-2. Stress-strain curves of (a) PP-IG electrolyte and (b) pristine IG electrolyte

and 3DOM PI-IG electrolyte.

62



-2 T T T T 0 . . : I
(a) (b)
2.5 |
05F 4 i
— 30 lon gel . -
a5l ow e 4l a " 3DOMPIG ]
g = B ™ . . T ? & . [ | (30 um)
g)... 4L * - . 1. 151 R [ |
S 45 Lo . > PP-IG . "
g 3DOMPIG a " ¢ = a2t (25 um) . - |
o PPIG “a ] longel *
551 ' S (300 pm) .
-6 L L 1 1 -3 ) , . \ . I . I .
K] 3.2 3.4 3.6 3.8 4 3 3.2 3.4 3.6 3.8 4
1000 7' /K 1000 7' / K

Figure 3-3. Arrhenius plots of (a) ionic conductivities and (b) conductance of three types

of electrolytes: pristine IG electrolyte, PP-IG electrolyte, and 3DOM PI-IG electrolyte.
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