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Abstract

Facing demands for smaller and more powerful batteries to keep pace with technological advances, as the
conventional lithium-ion battery (LIB) is reaching its inherent physicochemical limit, new electrode
materials must be researched. One attractive anode material is lithium metal which has a specific energy
density 11 times higher than conventional graphite anode. However, lithium metal is incompatible with

conventional liquid electrolyte and leads to severe impact on cycle life and safety issues.

For lithium metal to be feasible as anode material in a secondary LIB, the electrolyte required must be
thermodynamically stable against lithium metal, or can decompose and form a thin solid-electrolyte
interface layer on the surface of the lithium to prevent further parasitic reactions. The electrolyte chosen
must also be able to prevent or suppress the growth of lithium dendrite to avoid penetration, leading to short

circuit and severe safety issues.

This thesis presents a composite ceramic-polymer electrolyte (CPE) based on solid polymer electrolyte
polyethylene (PEQO) containing lithium salt lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). Ceramic
electrolyte LiisAlosGe1sP3012 (LAGP) is mixed and dispersed inside the polymer to study and provide
additional pathways for lithium ion conduction, which raises both ionic conductivity as well as Li*
transference number (tui+) due to LAGP being a single-ion conductor. LAGP to PEO ratio was studied and
optimized through the “bricklayer” model for ion conduction pathways. Addition of LAGP at a weight ratio
of 1:1 relative to PEO (1 LAGP) allows for bulk ionic conductivity at 35°C to increase from 3.61 x 10° S
cm? to 2.49x10° S cm?. To further improve lonic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)-imide (EMITFSI) is then added to modify the PEO further through
plasticization which decreases both glass transition temperature (T4) and melting temperature (Tm). This
raises the ionic conductivity further to 6.20x10° S cm™ at 35°C and 6.1x10* S cm* at 50°C. This also
results in t.i+ = 0.72 at 50°C, which is an improvement upon PEO-LiTFSI solid polymer electrolyte of t i+

= 0.46, making it more efficient. The final optimized composite electrolyte was able to initially deliver 139



mAh g in discharge capacity and 115 mAh g after 125 cycles at a charging rate of 0.3 C, with good rate
capability of 112 mAh g* at 1C while under 50°C environment, which is reduced by 10 to 20°C compared
to similar literature, providing a pathway towards a practical polymer based solid state battery with a

scalable production method.
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Chapter 1 Introduction

1.1 Motivation

In our current information age, electronics is an integral part of our society. Despite the advances
and market demand for mobile devices and vehicles, energy storage in terms of battery has not
fundamentally improved or changed in the past two decades. Conventional lithium ion battery (LIB) as
shown in Figure 1.1 generally consists of insertion type electrodes, a porous separator and liquid
electrolytes. During charging, lithium ions at the cathode is reduced due to electrochemical potential
difference and detach from the cathode, imparting one electron per atom. The lithium ion then transfers
past the separator through the electrolyte and oxidizes in the anode active material. The process is then
reversed upon discharging. However, LIB with an intercalation type cathode, liquid electrolyte, and

graphite anode is reaching its inherent physicochemical limit in terms of capacity and power density.

New battery systems such as lithium-sulfur and lithium-air have shown to be able to drastically
improve battery capacity density, where lithium metal anode has up to 11 times the gravimetric density
compared to graphite. However, the conventional LiPF salt in ethylene carbonate (EC) and dimethyl
carbonate (DMC) liquid electrolyte proves detrimental to the lithium metal electrode as well as posing a
serious safety concern in cases of leakage and combustion of the battery. As conventional liquid
electrolyte is highly unstable under high voltage, it also limits the full use of high voltage electrodes and

impedes the improvement of battery power density.

To solve the bottleneck in battery advancement, a new electrolyte which is safe, can withstand
high voltage, and is stable against reactive electrodes such as lithium metal need to be developed. This is
not only an advancement in terms of energy storage, but can open the gate towards new engineering
fronts such as miniaturization for medical implants, flexible batteries to shatter how we think of product

design, and even enabling more efficient space exploration.
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Figure 1.1 Schematic of typical intercalation type LIB during charge

1.2 Objective

Despite research on solid polymer-ceramic composite electrolytes, most focused on either having
solid polymer electrolyte with low amounts of nanofillers (< 20 wt%) to improve conductivity and stability,
or utilizing very high powder-ceramic electrolyte content (> 98wt%), with the least amount of polymer to

act as a binder.

The first approach is limited by the low inherent ionic conductivity of solid polymer electrolytes.
Nanofillers such as TiO,, Al.O; and SiO, have shown to be able to suppress the crystallization of
polyethylene oxide (PEO) and increase ionic conductivity. However, there is a limit at around 5-20% before

the nanofillers begin to congregate and raise the internal resistance of the electrolyte.

Due to the high ionic conductivity of ceramic electrolytes, the second approach of increasing the loading
of ceramic electrolytes to above 98% allows for the ionic conductivity to approach sintered ceramic

electrolytes. However, even at 99% Li1sAlosGe1sP3012 (LAGP) with 1% PEO, the bulk conductivity is



reported to be roughly 14 lower than a sintered LAGP pellet[1]. This is due to the high grain boundary
resistance between ceramic particles which can not be avoided unless high temperature sintering is
conducted, so the return on ionic conductivity begins diminishing at extremely high LAGP loading.
Furthermore, due to the high ceramic content, the electrolyte can not maintain a good contact with the

electrodes without an additional PEO coating at the electrolyte-electrode surfaces.

In this thesis, an intermediate loading of LAGP in PEO will be studied. An intermediate loading of
LAGP can raise the ionic conductivity as well as provide mechanical strength to the composite electrolyte.
Furthermore, with an intermediate loading, there is an opportunity to improve the PEO phase. Small
amounts of ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethanesul-fonyl)imide (EMITFSI) in
PEO (< 40 wt% relative to PEO) is known to have plasticizing effect on the polymer as well as improve

stability against lithium anode.

The cost and energy required to synthesize LAGP is much higher than PEO with small amounts of
EMITFSI. The final goal is to create a PEO:sLiTFSI-x LAGP-y EMITFSI composite polymer electrolyte
with intermediate loading of LAGP and small amount of EMITFSI to rival or beat PEO with high LAGP

loading.



Chapter 2 Background and Literature

2.1 Lithium Metal Anode

Lithium metal has been studied as anode material in energy storage cells since 1950. However, due

to low reversibility, the high reactivity of lithium metal, and high cost of specialized electrolytes, it soon

gave way to intercalation graphite anodes discovered by J. O. Besenhard at TU Munich in the 1970s[2][3].

However, the current intercalation type lithium-ion battery (LIB) system is reaching its theoretical

physicochemical limit of volumetric and gravimetric energy densities up to 770 Wh L™ and 260 Wh kg,

respectively[4]. To pave the path for future battery systems such as Li-Air, Li-Sulfur, or high voltage

cathodes such as NMC, lithium metal anode is predicted to be essential as presented in Figure 2.1.
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Figure 2.1 Overview of the Evolution of Battery Technologies and the Role of All Solid-State Li-

Intercalation Cathode Batteries [5]



As LIB is reaching its inherent limits, more attention and work have been dedicated to revive
lithium metal as anode material in secondary batteries[6][7][8][9][10]. This is attributed to the high specific
capacity of lithium metal (3860 mAh g*) compared to the conventional graphite anode (372 mAh g*) which
can allow for a higher energy density LIB. This is in large due to graphite anodes requiring at least 6 carbon
atoms to bind 1 lithium atom[11], where as lithium anode will deposit upon the current collector and only
change in size as much as the amount of lithium atom is stripped / deposited through the redox reaction of
Li* + e < Li. Another attractive feature of lithium as anode is its low electrochemical potential of -3.04 V
vs. Standard Hydrogen Electrode (SHE). Combining the two can allow for increase in both energy and

power density.

However, lithium anodes have been shown to be highly incompatible with liquid electrolytes which
contain organic solvents such as ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate
(DEC). The presence of such organic solvents can exacerbate dendritic growth of lithium and also cause
parasitic reactions with lithium metal, which consumes the electrolyte material[12][13][14][15]. This
negatively impacts battery performance, lifetime and safety. In order for lithium anode to be feasible, two

major problems have to be addressed:

1. Lithium dendrite growth must be controlled or suppressed.

2. Compatible electrolytes need to be selected in order to create a stable solid-electrolyte interphase (SEI).

In this work, solid polymer electrolyte polyethylene oxide (PEO) is investigated as the primary
electrolyte with ionic-conductive fillers, including ceramic electrolyte and ionic liquid, forming a composite

polymer electrolyte.

2.1.1 Lithium Dendrites

Dendritic penetration into the cathode leading to internal short circuit is one of the most well known

reasons for catastrophic failure in lithium metal batteries. Even in cases of employing solid state electrolytes



with high shear modulus to suppress dendritic penetration, dendrite growth can still occur between the bulk

lithium anode and electrolyte which decreases coulombic efficiency as well as lifetime of the battery.

A schematic in Figure 2.2 shows that an uneven surface of lithium anode can cause the flux of
lithium ions to congregate at the protrusions of the anode surface during the charging phase[16][17][18].
As this process continues, the distance between the cathode and the tip of the dendrite decreases, thus
lithium ions travelling through the electrolyte has to overcome less over-potential and further exacerbates
dendrite growth. This will continue until either charging is stopped or dendrites reach the cathode layer and

cause internal short-circuit.

In most cases, dendrite penetration into the cathode will not occur in one single charge in a battery.
When discharging, lithium is stripped from the anode and may cause breaking of dendrites. With fresh
lithium metal being exposed to the electrolyte, SEI layer will form around the broken lithium. However,
the SEI layer is electrically insulating thus rendering the lithium electrochemically inactive, and the lithium
becomes “dead”. Cross-section images of lithium plating in shown in Figure 2.3, where the dendrites have
grown in a “moss-like” structure. This effect varies depending on the electrolyte composition as well as

current density applied.
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Figure 2.2 Schematic of lithium plating/striping. a) continuous lithium plating leading to dendrite growth;
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Figure 2.3 Cell images after 900 s of deposition at 5 mA cm™ [15]



2.1.2 Solid-Electrolyte Interface (SEI)

Coulombic efficiency in terms of batteries can be calculated as the percentage of capacity delivered
during discharge divided by the charge capacity. The cause of low coulombic efficiency is largely due to
parasitic reactions occurring inside the cell[15]. The reactions generally occur at the interface between the
electrode and electrolyte, forming a solid-electrolyte interface (SEI). Lithium metal anode is known to have
low coulombic efficiency against liquid electrolytes due to the high reactivity, low electronegativity and
unstable SEI layer which continuously exhausts electrolyte material. Most organic solvents used in liquid
electrolytes are not thermodynamically stable against lithium metal and react to form a more stable SEI[19].
However, as dendrite growth occurs, fresh lithium metal is exposed to the electrolyte causing further
parasitic reaction to occur every charge/discharge cycle. This will cause depletion of electrolyte material
which raises internal ionic resistance and result in depreciating capacity. The exact mechanism of SEI
formation is not well-known. However, stability against lithium metal can be tested and a few approaches

have been proven to pacify lithium metal surface or suppress dendritic growth to some degree.



2.2 Electrolytes

Electrolyte in a battery is responsible for the shuttling of ions between the electrodes (ionically
conductive) while resisting the passage of electrons (electrically insulative). In order to develop a feasible

electrolyte for lithium anode, the following obstacles shown in Figure 2.4 must be overcome.
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Figure 2.4 Schematic of electrolyte design for use with lithium anode

2.2.1 Liquid Electrolyte

Liquid electrolytes consist of lithium salts such as LiPFs, LiCIO4, LiC:FsNO4S, (LiTFSI) dissolved
in aprotic solvents used in junction with a separator. Aprotic solvents are typically a mix of organic solvents
including ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC). The organic
solvents should have high ionic conductivity, low viscosity, good wettability towards the separator and
electrodes, wide range of operable temperature and electrochemical stability window, and high

flashpoint[20]. Thus a mixture of solvents is required to meet all the requirements. While choice of lithium



salts and their concentration can also have an impact on all the above, the cheap cost and high ionic

conductivity of LiPFg has allowed it to be one of the most common lithium salts in the LIB market.

The main advantage of liquid electrolytes is its high ionic conductivity of 10 to 102 S cm™, and
good contact with the electrodes, mitigating physical interfacial resistance and can accommodate volume
changes in the electrodes. However, with new generations of batteries such as lithium-sulfur and lithium-
air batteries, liquid electrolyte is no longer feasible as an electrolyte. Due to the high reactivity of lithium
metal, organic solvents can not form a stable SEI layer and will continue to consume organic solvents and
promote dendritic growth of lithium metal[7]. This will cause the internal resistance to continually increase

and eventually lead to fully consuming the electrolyte material or dendrite penetration.

2.2.2 Solid Polymer Electrolyte

Solid polymer electrolytes (SPE) refer to lithium salts dissolved in solid polymer materials which
have inherent abilities to conduct ions. One of the most promising material is poly(ethylene oxide) (PEO),
which was the first polymer host to be introduced as an SPE with alkali metal salt[21]. The ether oxygen in
the repeating ethylene oxide (EO) groups has a high donor number for Li* which is crucial for solvation of
lithium salt. Coupled with the mobility of polymer chains and high dielectric constant, PEO is one of the
most widely studied polymer host for SPE[22]. SPE have the advantage of not hosting any liquids therefore
mitigating the risk of electrolyte leakage. PEO has a wide electrochemical stability window of roughly 5 V
vs Li*/Li depending on the lithium salt, which is higher than the conventional liquid electrolyte. However,
the main drawback of SPE is its low conductivity, typically from 10® to 10 S cm-1 at ambient temperature

depending on the molecular weight of PEO and lithium salt[23].

There exists a jump in ionic conductivity for PEO as temperature increases past its melting point
(Tm). The traditional interpretation of this phenomenon assumes the crystalline phase of PEO to have lower
conductivity than its amorphous counterpart due to its rigid nature. As the crystalline phase decreases with

increasing temperature, the improved segmental movement of the PEO chains allow Li* to diffuse easier,

10



resulting in a jump in conductivity. However, Stoeva et al[24] demonstrated for PEO-LiXFs (X = P, As,
Sb) the crystalline phase shows higher conductivity than the amorphous phase by one order of magnitude

at low temperatures.. Nevertheless, the SPE crystalline phase only exhibited 6.3x108 S cm™ at 28°C.

Efforts to plasticize PEO through solid fillers still proved to improve ionic conductivity. Most
notably, inactive ceramic fillers such as Al.Os, TiO, LiAIO,, and SiO; which do not conduct ions
independently have shown capabilities to improve the ionic conductivity of PEO SPE at ambient
temperatures as well as above Tn, suggesting the fillers play more roles than simply suppressing the
recrystallization of PEO [25][26][27][28][29][30][31][32][33][34][35][36][37]. Research  has
demonstrated the Lewis acidic groups on the surface of the ceramic fillers can promote ion pair dissociation,
weakening bonds between Li* and the salt anions, and the EO groups on the PEO backbone, further
increasing ionic conduction even above the melting point where no crystalline PEO phase remains[38][39].
As shown in Figure 2.5, the maximum ionic conductivity can typically be achieved at around 10 wt% of
ceramic filler, depending on the type, surface area, and particle size. At higher filler content, ionic
conductivity begins to drop. Ceramic fillers tend to agglomerate at loadings, reducing the overall surface
area of particles and thus decreasing ionic conductivity. Furthermore, as the filler content increases, the

diffusion pathway of the lithium ions can become so tortuous that it decreases the ionic conductivity as

well.
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Figure 2.5 Conductivity plot of PEO electrolyte with various fillers (a) (o) PEOsLiClO4, (@)
PEQOsLiClO4+5.3 wt.% of (I-A|203, (+) PEQOsLiClO4+25 wt.% of (),-A|203, (O) PEQOsLiClO4+5.3 wt.% of V-
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Al;O3[35], and (A) PEOgLiClO4+25 wt.% of y-Al,Os. (b) (PEO)16LiCIO4/SiO, composite electrolytes with
varying SiO; content[28]; (c) PEO-LiClO4-TiO; electrolytes with varying TiO content and temperature[26].

As effects of ceramic fillers benefit from high surface-to-volume ratio, recently 2D graphene oxide
(GO) sheets has been studied as a new type of solid filler in PEO due to its excellent surface
area[40][41][42][43][44][45]. GO filler loading optimized at 1 wt% have shown to increase ionic
conductivity of PEO by two orders of magnitude, reaching 2x10° S cm™ at ambient temperature as well as

260% improvement in tensile strength compared to pure PEO-LiCIO4[46].

Solid type fillers in SPE have the ability to disrupt recrystallization of PEO as well promote Li*
dissociation to increase ionic conductivity and provide improvements to thermal and mechanical properties.
However, as the improvement in ionic conductivity depend on surface interactions between the fillers and
PEO, the benefits are limited by the maximum filler loading, after which the ionic conductivity drops due
to filler agglomeration and tortuous Li* pathway. Further modifications to nanofillers such as surface

functional groups or grafting onto PEO chains may provide satisfactory ionic conductivity.

2.2.3 Gel Polymer Electrolyte

Gel polymer electrolytes (GPE) consists of a polymer host which can absorb liquid electrolytes. It
was first proposed in 1975 by G. Feuillade and Ph. Perche, utilizing polyacrylonitrile (PAN) as the polymer
host[47]. The most widely studied gel polymer materials are PAN-, PEO- and PVDF-based[48]. The first
commercialized LIB was produced by Sony in 1991, which employed a microporous polypropylene (PP)
film as separator while flooding the electrodes with non-aqueous liquid electrolyte (Japan Patent
JP8454189A). Soon after the commercialization of the first LIB, Bellcore (now Telcordia) filed a patent
for a new type of GPE in 1994 (US Patent US5296318), consisting of a copolymer poly(vinylidene fluoride-
co-hexafluoropropylene) (P(VDF-HFP)) containing LiPFs lithium salt dissolved in EC/DMC organic
solvent. This garnered much attention in the battery industry and led to the wide-spread of lithium-polymer

battery (also known as “Li-Po battery’), which most of the mobile devices currently depend on.
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The main advantage of GPE is the containment of liquid electrolyte, minimizing the risk of electrolyte
leakage. GPE can still maintain good physical contact against the electrodes due to the presence of liquids.
By combining the function of separator and electrolyte into one, the energy density of the battery also
improved[49]. Since then, the main focus of GPE research has been improving the ionic conductivity, liquid

uptake and strength of the polymer.

However, the use of organic solvents is still incompatible with lithium anode. There has recently
been increased effort into researching replacing the solvents with compatible fluids such as room
temperature ionic liquid (RTIL)[50]. RTILs are salts that exist in liquid form in near room temperature.
RTILs can have very high ionic conductivities, from 10 to 10" S cm™ at room temperature. While this is
an attractive feature in supercapacitors, the high mobility of cations can The drawback is the low Li*
transference number (tui+) of roughly 0.4 — 0.6[51]. This implies both cations and anions contribute almost

equally towards charge transport and can cause high inefficiencies.

2.2.4 Inorganic Solid Electrolyte

Inorganic solid electrolytes, often referred to as “ceramic electrolytes” encompass crystalline,
partial crystalline (glass-ceramics), and amorphous glasses which have the ability to conduct Li*. Inorganic
solid electrolytes are known to have high thermal stability and ionic conductivity amongst solid electrolytes.
Inorganic solid electrolytes have the distinctive feature of being single-ion conductors, where lithium ions
lithium transference number is near unity except halides. Compared to liquid electrolytes where dissolved
ions move in a solvent, ceramic electrolytes conduct ions through vacancies or interstitial sites which

involves periodic bottlenecks in energy as shown in Figure 2.6.

Most inorganic solid electrolytes can generally be divided into oxides and sulfides. Lesser studied
inorganic solid electrolytes such as Li-hydrides (LiBHa, LisAlHs, LioBHsNH,, etc)[52][53][54][55][56],

and Li-halides (Li1.sNo.4Clos, Li2CdClas, LisYCle, LisInBrsCls, etc)[57][58][59] are currently viewed as
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inferior due to disadvantages such as instability against cathode materials or low ionic conductivity as

summarized in Figure 2.7.
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Figure 2.6 Potential energy of migration in liquid electrolytes of a charged species in red with a solvation
shell of electrolyte molecules (highlighted in blue) and an interstitial mobile ion in a crystalline solid,

respectively. [60]
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Figure 2.7 Performance of different solid electrolyte materials [61]
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A crucial property of inorganic solid electrolyte is its electrochemical stability. Unstable
electrolytes can lead to decomposition of electrolyte, dendrite penetration, and overall low cyclability of
the cell. Most inorganic solid electrolytes despite showing wide electrochemical stability window of 0 —
5V, are not truly thermodynamically stable as shown below in Figure 2.8. Decomposition of the electrolyte
at the electrolyte-electrode interface forms a passivating layer known as the solid-electrolyte-interface (SEI)
layer which has a higher stability thus extending the electrochemical stability window. The SEI layer is
often the cause of cell aging due to its higher ionic resistivity and uneven formation. The exact mechanisms

are widely unknown and is an intensely researched topic.
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Figure 2.8. (a) Schematic diagram about the change of Li chemical potentials pLi (black line), the
electrochemical potential i+ (blue dashed line), and p- (red dashed line) across the interface between the
anode and the solid electrolyte. (b) Electrochemical window and phase equilibria at the reduction and
oxidation potentials of the solid electrolyte materials [62]

2.2.4.1 Oxide Solid Electrolyte

The most well-rounded type of inorganic solid electrolyte may be the oxide solid electrolytes. With
its higher stability against ambient air and high temperature, manufacturing such material is viewed to be
most realistic in scaling up for industrial applications. Oxide solid electrolytes can be mainly separated into
perovskite, NASICON-type, LISICON-type, garnet and LiPON groups with corresponding structure as

listed in Table 2.1 showing their respective total ionic conductivity and activation energy.

Table 2.1. Selected oxide solid electrolytes grouped by electrolyte type. *RT (Room temperature).

Electrolyte Svnthesis Total Activation
Electrolyte Compounds Tvoe Structure I\/)I/ethod* Conductivity °C) Energy Ref
P (Scm?) €V)
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Lio3s4Laos1TiO2.94 Perovskite Crystalline Solid-State 7.00x105 RT 0.40 [63]

Thin film Atomic-Layer

Lio.7sLaosTiO3 Perovskite .
glass Deposition

9.40x107  RT / [64]

Citrate sol-gel

(Lio.33Laose)1.005 Tio.0oAlo.0103  Perovskite Crystalline 3.17x10* RT 0.36 [65]

synthesis
Li13Alo3Ti17(POa4)s NASICON Crystalline Solid-State 7.00x10* 25 / [66]
Li13Alo3Ti17(PO4)3 NASICON  Crystalline  Citrate sol-gel 7.80x10° RT 0.40 [67]
Solid-State,
Li15Alo5Ge15(POa)s NASICON Crystalline Thermal 4.22x10°3 27 0.61 [68]
quenching
LirLasZr:Orz Garnet Crystalline i State 416x107  RT 054  [69]
(tetragonal)
. Crystalline . "
LizLasZr:012 Garnet . Solid-State 2.44x10 25 0.34 [70]
(cubic)
. Crystalline . 3
LisssLasZroGao4s012 Garnet (cubic) Citrate sol-gel 1.30%x10 24 0.30 [71]
Li3.255i0.25P0.7504 LISICON Crystalline  Solid-State 1.00x10® 30 0.44 [72]
Li2.8Zno.sGeO4 LISICON Crystalline  Solid-State 1.00x10* 50 / [73]
Solid-State,
Liz6Geo.sS0.204 LISICON Crystalline  Spark Plasma 2.00x10° RT / [74]
Sintering
Li3.6Ge08S0.204 LISICON Crystalline Solid-State 1.00x10% 27 0.5 [75]
. . o Thin fil RF
Liz9PO33Noas (LiPON) Oxynitride n Him MAGNEUON  330x106 25 054 [76]
glass sputtering
LiPON Oxynitride ;Z'Sr;f"m MOCVD 5.90x106  RT / [77]

2.24.1.1 Perovskite
One of the most well-researched perovskite type (ABQ3) solid electrolyte is the LisLays - xTiOs3
(LLTO). This is largely due to its high room temperature bulk ionic conductivity of 1 x 10 S cm* with x

= 0.1[78]. The conduction mechanism depends on the A-site vacancy and thus the value of x plays a large
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role in ionic conductivity[79]. However, the high grain boundary resistance which can up be to two orders
of magnitude higher than bulk resistance, remains a major bottleneck for achieving high total ionic
conductivity. Studies on sintering conditions and elemental doping has yielded some favourable results,
increasing the total ionic conductivity up to 3.17x10* S cm™ at 25°C[65]. Furthermore, due to LLTO’s
instability against lithium metal or intercalated electrodes with cathodic potential above 2.8V, the Ti** can
be reduced to Ti** which grants the electrolyte electronic conductivity, leading to decomposition of the

electrolyte and short-circuiting of the cell[80].

2.24.1.2 NASICON-type

NASICON was originally named as sodium super ionic conductor, with the general structure of
AM,(BO.); first coined by Goodenough and Hong et. al. for their work on Nai+xZr2P3xSixO12 in 1976[81].
Lithium-containing NASICON-type electrolytes can be obtained by substituting Na* with Li* in the A-site
and utilized as high ion conducting lithium solid electrolytes. Such electrolyte gain traction when
Lir+xMxTi-x(POs)s system was discovered to exhibit high ionic conductivity, with AI** substitution for M
at x = 0.3 (LATP), yielding total ionic conductivity of 7x10“ S cm™ at 25°C[66]. However, LATP suffers
from the same Ti** reduction issue as LLTO and requires a lithium protective layer to be utilized practically
as an electrolyte. A more recent NASICON-type electrolyte was found to exhibit room temperature ionic
conductivities between 7.5x10° and 5x10* S cm™ [82][83][84]. Though reduction of Ge** to Ge** can still
occur against lithium metal, LAGP exhibits a more stable interface than LATP with electrochemical

stability up to 6 V versus Li/Li*[82][85].

2.2.4.1.3 LISICON-type

LISICON (Lithium super ionic conductor)-type structure include LisSiO4 and y-LisPO4 with XO4-
based (X = Al, S, Si, Ge, Ti, or P) tetrahedral units, and Li—O polyhedrals. The first LISICON-type
electrolyte was discovered by Hong et. al. with the general structure of Liis.oxDx(TO4)s, Where D = Mg?*
or Zn?*, and T = Si** or Ge*". lonic conductivity of 1.3x10" S cm™ was achieved at 300°C with the

Li1aZn(Ge0.)s composition[86]. LISICON-type electrolytes generally exhibit ionic conductivity of
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roughly 10° S cm at room temperature which is amongst the lower range of oxide solid electrolytes.
LISICON-type electrolytes show high stability even in moist air, allowing for ease of manufacturing and

handling. However, stability against lithium metal is relatively poor.

2.2.4.1.4 Garnet

Ideal Garnets have a general formula of AsB,(CO4)3 with cubic phase (la3d space group), where A
=Ca, La, Mg, Y, or rare earth elements; B = Al, Fe, Ga, Ge, Mn, Ni, or V; C = Al, As, Fe, Ge, or Si[87][88].
The first discovery of garnet-type lithium electrolyte is LisLasM»012 (M=Nb, Ta) by Thangadurai, where
LisLasTa,01, achieved total ionic conductivity of 3.4x10% S cm? at 25°C [89]. Garnet-type solid
electrolytes show exceptional stability against lithium metal anodes, with electrochemical stability > 6 V
vs Li*/Li at room temperature[90]. Notably, LizLasZr,01, (LLZO) have been shown to stable against molten
lithium metal and exhibits ionic conductivity of 3x10* S cm™ at 25°C [70]. Due to the high stability and
promising ionic conductivity of LizLasZr.012, much work has been done in elemental doping to further
improve the performance of LLZO in terms of improving ionic conductivity, and lowering sintering

temperature and activation energy.

2.24.15 LIiPON

Lithium phosphorous oxide nitride (LiPON) is an amorphous phase solid electrolyte. The first
LiPON electrolyte was fabricated through d.c. magnetron sputtering with a LisPO4 target in N; gas, which
yielded LizoPOs33No.46 With 3.3x10° S cm™ at 25°C. Due to its high stability against lithium metal up to 5.5
V, it has been a popular solid electrolyte[91][92][93]. However, limited by its low conductivity, it has often
been utilized as a lithium protective layer due to sputtering techniques being able to control the thickness

to under 1 pm[94].

2.2.4.2 Sulfide Solid Electrolyte
Sulfide solid electrolytes generally show higher ionic conductivity as presented in Figure 2.8, where

Li1oGeP,S;, is able to compete with liquid electrolyte with above 102 S cm? conductivity at room
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temperature. The improvement over oxide electrolyte is attributed to the lower electronegativity of S

compared to O. Li* less strongly bonded to S result in higher ionic conductivity for sulfide electrolytes.
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Figure 2.8 Reported total ionic conductivity of solid-state lithium-ion conductors at room temperature [60]

The flexible nature of glassy type sulfide electrolytes allows for better conformant to the volume
change of the electrode materials. However, the conforming effect is still shown to be limited as studied
with NCM-811 cathode material and B-LisPS4 electrolyte in Figure 2.9, where visible gaps form between
the solid electrolyte and active material. Furthermore, the formation of a resistive layer formed by oxidation
of the sulfide electrolyte in the cathode along with gap formation result in the common irreversible capacity
loss after the first cycle. Due to the narrow electrochemical stability window of most sulfide electrolytes as
shown in Figure 2.9, and. The main drawback of sulfide electrolytes is its sensitivity towards moisture and

oxygen, limiting production and handling of sulfide electrolytes to inert gas environments.

Due to the complications and production limitation of sulfide based solid electrolytes, this research

will focus on oxide based solid electrolytes.
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Voltage

Figure 2.9 Schematic of capacity loss and SEM image of B-LisPSs solid electrolyte and NCM-811 cathode
material after cycling [95]

2.2.5 Composite Polymer Electrolyte
Given the distinct advantages and disadvantages of the various types of solid electrolytes listed in
Table 2.2, one approach to combine the electrolyte in different configurations to achieve a balanced and

high performing composite electrolyte.

Table 2.2 Advantage and disadvantage comparison of electrolyte types

Electrolyte Type Advantages Disadvantage
Solid Polymer e Flexible and low interfacial e Low ionic conductivity
resistance e Low lithium transference
e Cheap number

o Wide electrochemical stability

window
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e Can incorporate various fillers

to tailor specific properties

Ceramic e High ionic conductivity e High interfacial resistance
e |deal lithium transference

number (t. =1)

2.2.5.1 Polymer-Ceramic-Polymer Layered Structure

One of the earliest methods of utilizing composite electrolytes is a layered structure, where solid
polymer electrolyte is sandwiched on both sides of a dense ceramic electrolyte. As ceramic electrolytes
garnered heavy interest due to their exceptional ionic conductivity amongst solid electrolytes such as the
perovskite LLTO, two major bottlenecks were quickly discovered. The first is the nature of contact between
two rigid solid phases between the electrode and the ceramic electrolyte causing voids to form which was
not impacting a liquid electrolyte system. The second is the electrochemical instability of most ceramic
electrolytes against lithium metal. By introducing a solid polymer electrolyte interphase, it takes advantage
of the malleability of solid polymer electrolyte to decrease the high interfacial resistance of ceramic
electrolytes and prevent reactions based on incompatibility between electrodes and ceramic electrolytes as

represented in Figure 2.10.

However, this approach poses limitations on the thickness of the composite electrolyte layer. Given
that solid electrolytes generally have sub par ionic conductivity compared to its commercial liquid counter-
part, the target thickness of solid electrolytes is generally < 100 um in order to have commercial success.
The thickness is important due to internal resistance of the electrolyte scaling linearly with thickness. For
a ceramic pellet to be formed at less than 100 pm including the polymer layer, manufacturing cost as well
as fragility of the electrolyte are major concerns at this point in time until much improvement is made in

terms of solid electrolyte conductivity.
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Figure 2.10 Schematics illustrating the impact of solid polymer electrolyte interface layer and Li anode for
solid-state Li metal batteries

2.2.5.2 Powder Ceramic in Polymer

One of the simplest methods of fabricating polymer-ceramic composite electrolyte is by dispersing
low weight loading of fine active ceramic powder into a polymer matrix. By simply dispersing ceramic
electrolyte in a polymer host, a synergistic effect can be achieved. The ceramic electrolyte can provide
lithium ion transport pathways with high conductivity as well as plasticizing the polymer host by disrupting
the nucleation process and lowering the crystallinity of the polymer electrolyte to further improve ionic

conductivity.

However, this method has certain limitations. As the ionic conductivity of such composite
electrolyte does not form a linear relationship with the weight loading of the ceramic electrolyte, many

studies have been performed to unravel the ionic transport mechanism in such composite electrolyte.
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Various papers have measured the ionic conductivity of the composite electrolyte in relation to their active

ceramic electrolyte loading as shown in Figure 2.11 with the optimal ceramic loading varying anywhere

from 10 — 70%.
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Figure 2.11. Relation between total ionic conductivity and their respective active ceramic electrolyte

loading in PEO where a), b), and c) are LGPS [96], LAGP [97], and LATP [98] respectively in a PEO
matrix.

Various contributing factors have been speculated and tested in order to optimize the performance
of such composite electrolytes. The exact optimal loading can be influenced by the particle size, surface
functional groups, the molecular weight of the PEO matrix, as well as the type of salt and salt concentration
in PEO. Hence research groups such as J. Zheng and S. Bonizzoni have attempted to pin point through
nuclear magnetic resonance (NMR) the mechanism of lithium transportation in composite electrolyte. As
shown in Figure 2.12[99], the proposed transport mechanism can change due to ceramic loading as well as
PEO property change. At low (<20%) loading, the main effect of LLZO ceramic is simply to plasticize the
PEO phase, allowing for higher ionic conductivity in the PEO phase without utilizing the channels within
the LLZO particles. This is due to the energy barrier required to cross from multiple PEO-LLZO boundaries
in order to utilize transport pathways in LLZO. As LLZO reaches 50 wt%, the tortuous pathways in PEO
due to blockage by the LLZO particles forces more lithium ion to travel through the LLZO particles instead,
resulting in a lowered conductivity as seen in Figure 2.12 b. This theory is further supported by the addition
of PEO plastcizer tetraethylene glycol dimethyl ether (TEGDME), resulting in a drastically increased ionic
conductivity. By lowering the resistance of the PEO pathways, both the LLZO, LLZO-PEO interphase, and

PEO can compete equally for ion transport even at a higher LLZO loading.
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Figure 2.12 Schematic of Li-ion pathways within LLZO (5 wt %)—PEO (LiTFSI), LLZO (20 wt %)—PEO
(LiTESI), LLZO (50 wt %)—PEO(LiTFESI), and LLZO (50 wt %)—PEO (LiTFSI) (50 wt %)-TEGDME
composite electrolytes [99]

2.2.5.3 Continuous Ceramic Structure in Polymer

Advanced continuous ceramic structure in polymer electrolyte is gaining more attention due to its
attractive feature of allowing continuous ionic transport along a fixed pathway. Compared to its particle-
in-polymer counterpart, ion transport would require much less energy due to no longer requiring crossing
ceramic-polymer boundaries. The two main methods of production include electrospun ceramic fibre
imbedded in ceramic and in-situ formation of porous ceramic structure allowing for infiltration of polymer

electrolyte as shown below in Figure 2.13 and Figure 2.14 respectively.
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Figure 2.13 Synthesis procedure and morphologies for the composite polymer electrolyte with aligned
nanowires (a) Synthesis procedure for the composite polymer electrolyte with aligned nanowires together
with illustration of the electrode configuration for the a.c.-impedance spectroscopy measurement. The
guartz substrates with Pt electrodes are placed at three different orientations on the rotating drum collector
during electrospinning. (b) Interdigital Pt electrode. (c) TEM images of the LLTO nanowire calcined at 800
°C. (d—f), SEM images of the aligned nanowires at orientations of 0 ° (d), 45 ° (e) and 90 ° (f). The inset in

figure d is a SEM image at high magnification for the aligned nanowires [100]
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Figure 2.14 Schematic of ionic conduction mechanism in composite polymer electrolytes: (a) conventional
discontinuous particle filler and (b) 3D interconnected LLZO [101].

Advanced ceramic structure has additional advantages such as minimizing the conglomeration of
ceramic particles, higher ionic conductivity and generally higher mechanical structure compared to powder-
in-polymer composite electrolytes. However, the methods to produce them are not well-suited for mass-

production and are energy intensive.
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Chapter 3 Materials and Methods

3.1 Materials

Polyethylene oxide (PEO, avg M\ = 400,000), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI,
99.95%), and Lithium iron phosphate (LiFePO4, <5 um dia., 97%) are purchased from Sigma-Aldrich Inc.
Li1sAlosGe1sP3012 nanoparticles (LAGP, 500 nm average dia., 99.99%) is purchased from MT]I Corp. 1-
ethyl-3-methylimidazolium bis(trifluoromethanesul-fonyl)imide (EMITFSI, 97.5%), and "Super P"

conductive carbon black (99%) are purchased from Alfa Aesar.

PEO was dried in a vacuum oven at 50°C for 24 hr while LiTFSI, LiFePO4 and LAGP were dried in a

vacuum oven at 80°C for 24 hr before use.

3.2 Experimental

3.2.1 Electrode and Electrolyte Slurry Preparation

The procedure to fabricate electrode and electrolyte is shown in Figure 3.1. PEO is first measured
into a glass vial and then transferred into an Ar-glovebox, where LiTFSI is weighed at molecular ratio of
[EO]:[Li] = 16:1 and added to the vial. lonic liquid EMITFSI is added with relative weight to PEO.
Acetonitrile is then added to the vial at roughly 10 times the weight amount of PEO to dissolve the mixture.

Finally, the PEOsLiTFSI-EMITFSI slurry is stirred at 50°C for 24 hr.

Active cathode material LiFePO4 and conductive carbon Super P are weighed and is mixed in
acetonitrile through stirring and ultrasonication to form a cathode slurry. PEO1sLiTFSI-EMITFSI is added
to the cathode slurry to achieve the following weight ratio. LiFePO, : Super P : PEOsLIiTFSI-EMITFSI =

5:1:4 (weight ratio)

The content of the vial is then stirred on a magnetic hot plate at 50°C for 48 hr to form a composite

cathode.
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To complete the electrolyte slurry, LAGP is added to the PEO1sLiTFSI-EMITFSI mixture at a weight ratio

relative to PEQ. The slurry is then stirred at 50°C for 24 hr with intermittent sonication.

EMITFSI

PEO J LiTFSI LaGe

Electrolyte Stirring
slurry

PEOLiTFSI-LAGP-EMITFSI

LiFePO, Super P

o o

Stirring Stirring .'
—_— _
Ultrasonication . '

Composite cathode
slurry

LiFePO, and Super P Composite cathode
in acetonitrile

Figure 3.1 Schematic of electrode and electrolyte slurry preparation

3.2.2 Electrode and Electrolyte Slurry Casting
The composite electrode slurry is cast on an aluminum sheet current collector through tape casting
as seen in Figure 3.2 ¢). After casting, the samples are allowed to dry in air for 30 min before transferring

a vacuum oven, where the samples are dried at room temperature under vacuum for 24 hrs.

The composite ceramic-polymer electrolyte slurry is then cast on varying substrates for testing
through tape casting. Such substrates include the surface of cast cathode layer to construct LiFePO4|CPE|Li
full cell as shown in Figure 3.2 d), or aluminum (Al) for AI|CPE|Li cells, or on a dish lined with
polyethylene film to later peel off and cut as a stand-alone electrolyte film as shown in Figure 3.2 b). Before
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the electrolyte slurry is cast on top of the cathode, the cathode sheet is cut down to circles with diameter of
15 mm and weighed to obtain the weight of LiFePO4 by subtracting the weight of the aluminum sheet and
multiplied by the ratio of LiFePO.. After casting, the samples are allowed to dry in air for 30 min before

transferring a vacuum oven, where the samples are dried at room temperature under vacuum for 24 hrs.

.

Figure 3.2 Photo of battery component coating. a) Composite polymer electrolyte slurry, b) Stand-alone

composite polymer electrolyte film, ¢) Cathode layer cast on current collector, d) Composite polymer
electrolyte cast on top of cathode layer

29



3.2.3 Cell Fabrication

All cells are fabricated inside an Ar-Glovebox using commercial 2032 coin cells. Samples are first
dried in vacuum ovens then transferred into the glovebox and left for at least 12 hr to remove residual
moisture and oxygen before cell assembly. Lithium metal is used as electrode material by being attached to
the electrolyte layer to construct SS|CPE|Li and LiFePO4|CPE|Li cells in 2032 coin cells. A configuration

summary is as shown in the Figure 3.3.

Coin cell shell (+) Coin cell shell (+)

Coin cell shell (+) Coin cell shell (+)

!!! ~ . v" i
Stainless steel spacer [ ‘ J Aluminum current collector
Electrolyte Electrolyte
Stainless steel spacer | Lithium metal

T
Stainless steel spacer
g Spring

Lithium metal Cathode
Electrolyte Electrolyte
Lithium metal Lithium anode

Stainless steel spacer Stainless steel spacer

(Lo
$:(00

O

Spring Spring Spring
‘ Coin cell shell (-) Coin cell shell (-) | Coin cell shell {-) ) Coin cell shell (-}
Electrolyte symmetric cell Electrolyte-Lithium half cell Lithium-Electrolyte symmetric cell Full cell
(SS|CPE|SS) (Al|CPE| Li) (Li| CPE| Li) (LFP| CPE| Li)

Figure 3.3. Coin cell assembly configurations.
3.3 Characterization and Equipment

The X-ray diffraction patterns of the electrolytes are obtained through X-ray diffraction (XRD) at
2° mint. The ceramic LAGP powder is scattered onto the sample holder while the CPE are cast onto the

sample holder with a doctor blade and allowed to fully dry.

Thermal properties are characterized by TA Instruments Q2000 differential scanning calorimeter
(DSC) by scanning at 10°C min* from -80 to 95°C. One heating/cooling cycle is first performed on the

samples to remove thermomechanical history before collecting data on the following heating segment.

Morphology and elemental mapping are obtained through Zeiss Leo 1530 scanning electron

microscope (SEM) and the on-board energy-dispersive X-ray spectroscopy (EDS).
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The electrochemical stability window of the composite polymer electrolytes is measured through
linear sweeping voltammetry (LSV) at 0.1 mV s* at room temperature where the cell is constructed as

AIl|CPE|Li in a coin cell.

Long term full cell cycling is performed using the LAND2001A battery testing station. The cells

are kept in a Yamato DVS402C oven to ensure consistent environmental temperature during testing.

Ionic conductivity (o) is measured by electrochemical impedance spectroscopy (EIS) in symmetric
SS|CPE|SS coin cells, from 35°C to 60°C. The scans are carried out from 1 MHz to 0.1 Hz with ac amplitude
of 10 mV. The ionic conductivity is then calculated as shown in Equation (1), where L is the thickness of
the CPE, Rg is the bulk ionic conductivity, and A is the area of the interface between the SS electrode and

CPE.
o=— (1)

To obtain the cation transference number (t:) of the CPE, Li/CPE/Li coin cells are fabricated and
tested at 50°C. EIS is first conducted from 1MHz to 1 Hz at 10 mV. The cells are then polarized by applying
a constant voltage of 10 mV for 5 hours, until the current has reached steady state. EIS is then performed
again after polarization to obtain cell resistance. By applying Bruce and Vincent’s work on transference
number, steady state cation transference number can be calculated through Equation (2). In this case, AV
refers to applied potential, I, and Iss are measured currents at the beginning and steady state value during
polarization, and Rgo and Rgss are bulk resistances of the composite polymer electrolytes measured

through EIS before and post-polarization.

— Iss (AV—IORB,O) (2)
+ IO(AV_ISSRB,SS)
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Chapter 4 Polymer-Ceramic Composite Electrolyte

The subject of “ceramic-in-polymer” electrolyte has been widely studied as a model candidate for
composite electrolyte. The “ceramic-in-polymer” electrolyte consists of only the ceramic electrolyte LAGP,
solid polymer electrolyte PEO, and lithium salt LiTFSI to facilitate ionic transport in the bulk PEO phase.
The simplicity in manufacturing as well as the seemingly straightforward benefits of increase in ionic
conductivity, mechanical strength, and in some cases electrochemical stability compared to pure polymer
electrolytes. Two of the most contested areas for such CPE is the optimal ceramic loading and its ion

diffusion pathway, which this chapter will attempt to clarify.

4.1 Composite Electrolyte and Electrode Preparation

As a baseline comparison, LAGP pellets were prepared by pressing LAGP powder in a steel die at
9 MPa and sintered in air at 850°C for 5 hours. PEO1sLiTFSI — x LAGP electrolyte was prepared through
slurry casting with doctor blade as described in the experimental section to obtain stand alone films as

shown below in Figure 4.1.

Figure 4.1. Photo and SEM image of a) LAGP pellet cross-section; b) PEO:sLiTFSI with LAGP powder at
LAGP:PEO = 1:1 weight ratio

LiFePO, active cathode material is prepared with PEO:sLiTFSI as the binder as described in

experimental section to facilitate ion transfer in the cathode layer in place of conventional PVVDF or P(VDF-

32



HFP) which have poor ionic conductivity without liquid electrolyte. This will also provide a continuous
ion transport pathway from cathode layer to bulk electrolyte region by eliminating the inert P\VDF binder.
SEM image of the cross section of LFP|PEOsLiTFSI-LAGP is as shown in Figure 4.3, where no gaps can
be observed at the cathode-electrolyte interface. To verify even distribution of cathode material, top view
of the bare cathode layer and EDS mapping for Fe is as shown in Figure 4.2a-b. Cross section EDS mapping
were performed as shown in Figure 4.2c-e. No agglomeration was observed and the cathode-electrolyte
interface clearly shows elemental separation of cathode layer and bulk electrolyte, indicating no diffusion

of electrolyte or cathode into each other.

Fe Kal

Figure 4.2. a) Top view SEM image of LFP composite cathode, b) EDS mapping of Fe; ¢) Cross section
SEM image of LFP|PEO1sLiTFSI-LAGP, and EDS mapping of d) Ge; e) Fe
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Figure 4.3. Cross section SEM image of LFP|PEO6LiTFSI-LAGP

4.2 lonic Conductivity — “Brick layer” Model

To determine the optimal LAGP loading in PEO, impedance testing was first conducted on
composite polymer electrolytes PEO:sLITFSI — x LAGP (X = mLace/Mpeo) With varying LAGP weight
content at varying temperatures. To meaningfully study the impedance results of the composite electrolyte,
the “brick layer” model is used to quantify the origins of the internal impedances[102][103][104]. The basis
of the “bricklayer” model stems from the assumption of 3 different ionic pathways in a ceramic-polymer
composite electrolyte as shown in Figure 4.4. The path of least resistance is provided by the bulk LAGP,
where ions can travel inside the crystalline structure of LAGP. The path of highest resistance is through the
bulk PEO phase, where ionic conduction is slow due to the low ionic conductivity of pure PEO-lithium salt
solid polymer electrolyte. Where the LAGP is in contact with the PEO, exists a grain boundary region
which has slightly improved ionic conductivity compared to bulk PEO due to the interference of LAGP on
the local crystalline structure of PEO, allowing a thin region of amorphous PEO to exist. To further modify
the model, as LAGP content increases, the amount of LAGP-electrode contact surface increases which is
detrimental to ionic transport at the interface, thus introducing interfacial resistance. The Nyquist plots with
experimental data and fitted lines, along with equivalent circuit proposed is as shown in Figure 4.5. The
high frequency interception at the x-axis represents the impedance of ion conduction in the bulk LAGP

phase (oLacp) as represented in Figure 4.5d. The first depressed semi-circle has been proposed to be
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competition between polymer electrolyte phase conduction (ore) and grain-boundary conduction (oeg) and
referred to as ope/ce through the “brick layer” model. At high LAGP content, a second semi-circle appears

at lower frequency, signifying the interfacial resistance.

“Brick layer” Model

Li* conductionin bulk LAGP

Electrode —
phase (Rjsgp)
PEO i ; :
I Li* conductionalong LAGP-PEQ grain
LAGP particles boundary interphase (Rgg)
LAGP-PEO Li* conductionin crystalline PEO
interface phase (Rec)

Interfacial resistance

Figure 4.4. Schematic of "Brick layer" Model

3 LAGP

5 LAGP e

9 LAGP . fﬁw ; .

3x102 0 5000 10000 15000 20000
Z()

Figure 4.5. Nyquist plot and equivalent circuit of PEO1sLiTFSI - XLAGP composite electrolyte at 35°C
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By separating the LAGP and PEO conduction, the bulk LAPG conduction (cLacp) and bulk
polymer with grain boundary conduction (cre/ce) can be plotted on an Arrhenius plot as shown in Figure
4.6. oacp Shows a mostly linear trend across all LAGP loading in Figure 4.6a, in-line with a conventional
ceramic electrolyte such as LAGP agreeing with “bricklayer” model. While ope/cs in Figure 4.6b shows a
less regular pattern, the general pattern following a VVogel-Tamman-Fulcher (VTF) relation for a single-
ion polymer electrolyte[105]. With the ionic pathway separated more clearly, it can be seen that at low
temperatures, the polymer phase conduction is severely lacking. However, for LAGP loading at x = 3 and

below, oLace eventually becomes over taken by opeics as temperature increases.
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Figure 4.6. Arrhenius plot of PEO:sLITFSI - XLAGP, separated into a) bulk LAGP conductivity; b) bulk
polymer electrolyte and grain boundary; c) total conductivity
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Hence, oLacp, ore/cs, along with the total bulk conductivity (o1etal) Of the CPE tested at 35°C is
compiled in Figure 4.7a. There exists a local minima of o acp and maxima of ope/ce at LAGP:PEO = 3:1 (3
LAGP). This is due to the effect of LAGP particles on the lithium ion transference pathways in the
composite polymer electrolytes. The lithium ion transport pathways in polymer-ceramic composite polymer
electrolytes have been shown to be very complex[99]. As illustrated in Figure 4.7c, low LAGP content (X
< 1) serves to lower the overall crystallinity of the polymer by disrupting the nucleation of PEO crystals
while the majority of the lithium conduction occur in the bulk PEO phase[106]. As LAGP content increases
to an intermediate level (x = 1), the total bulk ionic conductivity reached its maxima due to the low
impedance ion pathway provided by the additional bulk LAGP as well as its plasticizing effect on the
polymer phase. At an intermediate-high LAGP loading (1 < x < 3), ion mobility begins to be constricted
in the PEO phase due to blockage by the LAGP, forcing lithium ions to travel in tortuous pathways thus
decreasing opeice. Utilization of the bulk LAGP phase likely declined (decrease in oiace) as the energy
required to cross the increased number of PEO-LAGP boundaries is less favourable than the tortuous
polymer phase pathway. Finally, as LAGP content increases further to 3 <x < 9, the increasingly tortuous
ion pathway in the polymer phase along with the increase in PEO-LAGP interfaces continues to cause a
decrease in ope/ce. Possibly due to the extremely low conduction in polymer phase, the bulk ionic pathway
is instead forcing higher utilization of the bulk LAGP phase, causing an increase in oLace instead. However,
the total conductivity is still mostly constricted by the polymer phase, yielding the lowest 6rowi. Although
the ionic conductivity of the composite polymer electrolytes has the potential to keep increasing as LAGP
to PEO ratio is further increased past 9:1 as demonstrated by Wang et al.[1], it is ultimately constrained by

grain boundary resistance of un-sintered LAGP particles and loses the flexibility advantage of a CPE.

In the lower temperature range, an incomplete semi-circle can also be observed in the lower
frequency corresponding to interfacial resistance against the electrode and is easier observed in high LAGP
loading samples. The interfacial resistance of PEO1sLiTFSI—x LAGP is shown in Figure 4.7b. As expected,

at higher LAGP, more LAGP particles come in contact with the stainless steel electrode and interfacial
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resistance becomes higher. At 35°C, the interfacial of 9 LAGP is 425 times that of 1 LAGP, while the
interfacial resistance of 1 LAGP effectively disappears at > 50°C. The composite polymer electrolytes from

here-on uses LAGP:PEO = 1:1 (x = 1) and are also denoted as PEO:sLiTFSI-LAGP (PL).

However, the ionic conductivity of PEO1sLiTFSI-XLAGP is still not satisfactory. Comparison with
pure LAGP phase and pure solid PEO phase ionic conduction is carried out by measuring dense LAGP
pellet and PEO4sLIiTFSI casted film. As compared in Figure 4.8, the bulk ionic conductivity of the sintered
LAGP pellet at 35°C is an order of magnitude higher than PEO1sLiTFSI-LAGP, which is in turn an order
of magnitude higher than PEOsLiTFSI solid polymer electrolyte. Given the bottleneck in ion conduction
being the polymer phase especially in near room temperature, there is room to further improve the ionic

conductivity of PEO1sLIiTFSI-LAGP by modifying the solid polymer phase.
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Figure 4.7 a) lonic conductivity of PEO1sLiTFSI - x LAGP at 35°C separated into LAGP phase
conduction, parallel PE/GB conduction, and the total bulk conductivity. b) Interfacial resistance of

PEO:sLITFSI - x LAGP electrolyte from 35 to 60°C with varying LAGP loading. ¢) Schematic of ionic
conduction pathway changes in relation to LAGP loading.
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Figure 4.8 lonic conductivity comparison of sintered LAGP pellet, PEO16LiTFSI-LAGP and PEO6LIiTFSI
at 35°C

4.3 Stability testing and Galvanic Cycling

Given the high reactivity of lithium metal anode, linear sweep voltammetry is crucial in
determining suitable electrolytes. AI|PEO1sLiTFSI — x LAGP|Li coin cells were assembled for x =0, 1, 3,
and 9 due to their ionic conductivity characteristics from the previous section. LSV scans were carried out
in room temperature, at a scan rate of 1 mV s from OCV to 6.5 V vs Li/Li* as compiled below in Figure
4.9. 0 LAGP represents a solid polymer (PEO) electrolyte with lithium salt, which shows an upper
electrochemical stability limit of 4.1 V vs Li/Li* due to oxidation of TFSI- anion. As LAGP loading
increased to x = 1, the limit is increased to 4.25 V. This phenomenon has been explained as the surface
interaction of LAGP particles and TFSI, causing an immobilization the anions and as a result, widening of
the electrochemical stability window[107]. As LAGP loading further increased to x = 3 and 5, the upper
limit decreased to 4.1 and 3.9 V respectively. This is due to the oxidation nature of LAGP against bare
lithium metal as less PEO is available to protect the LAGP particles. It has been reported that the SEI layer
formation created between LAGP and lithium metal can eventually pacify the interface up to 6 V[108].

However, given the same condition, 1 LAGP appears to the most compatible with lithium metal anode.
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Figure 4.9. LSV scan of AIPEOssLITFSI - x LAGP |Li for x =0, 1, 3, and 9 at room temperature

LFP|PEOssLITFSI — x LAGP|Li batteries were then constructed into coin cells and cycled at
temperature of 50°C and charge rate of 0.3 C as summarized in Figure 4.10. With no LAGP present (0
LAGP), the solid polymer electrolyte cell performed as expected compared to similar solid PEO-lithium
salt batteries[43][109]. The discharge capacity delivered by the solid polymer electrolyte increases for the
10 first cycles, reaching 104 mAh g before quickly depreciating after. This phenomenon is most likely
due to the continuous oxidation of TFSI- as reflected previously in the LSV results. 1 LAGP showed a
relatively consistent discharge profile, with initial capacity of 98 mAh g and 9.4% depreciation over 45
cycles. For 3 and 9 LAGP, the capacity trends are both highly unstable as well as decreased capacity with
higher LAGP loading. From SEM images it can be seen that gaps exist between PEO and LAGP particles

which is exacerbated with higher LAGP loading, which can contribute to unstable performance. The
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decreased capacity with increasing LAGP can be speculated to be the extremely high interfacial resistance

of 367 and 32824 Q that exist for 3 and 9 LAGP respectively even at 50°C.
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Figure 4.10. Full cell galvanic cycling of LFP|PEO1sLIiTFSI - x LAGP|Li in 50°C and 0.3 C, where x = 0,
1, 3,and 9.

4.4 Conclusion

Active ceramic filler LAGP in solid polymer electrolyte PEO has been studied in terms of
electrochemical performance, as well as investigation into ion transport mechanism through electrical
impedance spectroscopy. EIS revealed the optimal loading of LAGP in PEO to be 1:1 weight ratio with
ionic conductivity of 2.46x10° S cm™ at 35°C and 2.02x10* S cm* at 50°C. Full cells constructed with
PEO as the cathode binder allowed for a continuous ionic pathway across the cathode-electrolyte interface
in lieu of liquid electrolyte and is visualized through SEM imaging of the cross section. Galvanic cycling
yielded discharge capacity of 98 mAh g with 9.4% depreciation over 45 cycles in 50°C and at a charge
rate of 0.3 C. The separation of cLacr and opecs through the “brick layer” model allowed for a better

understanding of the overall ionic transport and quantified the resistance along both the bulk LAGP as well
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as the polymer phase pathways, where the polymer phase is found to be a major bottleneck especially at
lower temperatures. This allows for strategic targeting of near-room-temperature improvement of the

polymer phase to advance this composite electrolyte towards being more practical.
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Chapter 5 lonic Liquid EMITFSI Modified PEO-LAGP Electrolyte

Given the poor ionic conductivity in the polymer phase in a PEO-LAGP electrolyte, as studied in
previous chapter, a strong candidate for plasticizing the PEO phase without further increasing the tortuosity
of the ionic pathway in order to increase its ionic conductivity is ionic liquid EMITFSI to form PEO-LAGP-
YEMITFESI (PLE, where y=memitrsi/Mpeox100%). The ionic liquid functions as plasticizer by locally
disrupting the crystalline formation of PEO as shown below in Figure 5.1, as well as weakening the O-Li
bond on the PEO chains to decrease binding energy. Both of these effect culminate in an increased ionic
conductivity. By plasticizing PEO, the voids between PEO and LAGP will decrease, increasing wetting and
achieving higher over all conductivity as well as represented in Figure 5.2. Herein, by introducing ionic
liquid EMITFSI, this chapter will explore the effects on the ceramic-polymer electrolyte by studying the

physical and electrochemical properties of a polymer-ceramic-ionic liquid composite electrolyte.
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Figure 5.1 Crystalline PEO chains in double helix structure with lithium ions, and amorphous PEO chains
being disrupted by EMITFSI
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Figure 5.2 Schematic of ion transport pathways with EMITFSI modification

5.1Physical Characterization (XRD, DSC, SEM)

5.1.1 X-ray Diffraction (XRD)

XRD patterns for LAGP powder, PEO1sLiTFSI, PEO:sLiTFSI-LAGP, and PEO:sLITFSI-LAGP
with varying EMITFSI content (0-40%) are presented in Figure 5.3. Peaks at 26 = 19° and 23° are assigned
to the crystalline phase of PEO. As ionic liquid content increases, the peaks are less prominent, indicating

the decrease of PEO’s crystalline phase. This is consistent with reports of EMITFSI’s ability to plasticize

PEO.
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Figure 5.3 XRD patterns of electrolytes. (i) LAGP powder. (ii) PEO1sLiTFSI. (iii)-(vii) PEO:sLITFSI-
LAGP with 0%, 10%, 20%, 30%, and 40% EMITFSI respectively. Reproduced with permission from J.
Electrochem. Soc., 166, H205 (2019). Copyright 2019, The Electrochemical Society [110].
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5.1.2 Differential scanning calorimetry (DSC)
PLE electrolyte with varying EMITFSI content are analyzed through DSC to investigate their glass
transition temperature (Ty) and melting temperature (Tm). The DSC thermograms are shown in Figure 5.4

from -80°C to 90°C with arbitrary heat flow units, normalized to the mass of each sample.

Ty is the transition point at which the crystalline polymer begins to convert to amorphous glass phase at
temperatures above Ty. It is indicative of the polymer chains’ microscopic viscosity and mobility. It is
generally accepted that ion conduction practically starts at above Tg, so it is beneficial for ionic conductivity

to have a lower Ty value[111][112][113].

Temperatures above T, indicates complete melting of the polymer. The melted phase of PEO can
allow for a much higher ionic conductivity due to the lowered viscosity and increased polymer chain
movement. However, structural integrity can be become an issue if operation temperature is much higher

than the melting point, at which point the viscosity of PEO can be too low to act as a separator.
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Figure 5.4 DSC thermograms of PEO16LiTFSI-LAGP electrolyte with (i) 0% EMITFSI, (ii) 10% EMITFSI,
(iii) 20% EMITEFSI, (iv) 30% EMITFSI, and (v) 40% EMITFSI. Reproduced with permission from J.
Electrochem. Soc., 166, H205 (2019). Copyright 2019, The Electrochemical Society [110].

The tabulated data of T and T are summarized below in Table 5.1. The melting enthalpy (AHm),
and relative degree of crystallinity (Xc) values of different samples are calculated, where X, is calculated

based on the melting enthalpy of 100% crystalline PEO (203.0 J g2).

47



The Ty values drop by 4.7 degrees at 10% EMITFSI followed by a slight increase with 20% and
30% EMITFSI and finally drops further to -54.5°C with 40% EMITFSI. T on the other hand shows
consistent decrease with increasing EMITFSI content. On the other hand, T continuously decreases with
increasing EMITFSI. It can also be seen from Figure 5.4 the dip in heat flow during the melting phase
decreases with increasing EMITFSI content. Given that more energy is required to melt polymer containing
more crystalline phase, the amount of crystalline phase (Xc) can be calculated by the percentage of actual
melting enthalpy divided by 203.0 J g%, resulting in decreasing degree of crystallinity with addition of ionic

liquid, down to X=12.4% at 40% EMITFSI loading. This is consistent with the XRD results.

Table 5.1. Ty, Tm, AHm, and X, of composite polymer electrolytes obtained from DSC thermogram

lonic Liquid Content T4 (°C) Tm (°C) AHm (J/g) X (%)

0% EMITFSI -49.3 43.2 90.8 42.5
10% EMITFSI -54.3 36.5 80.8 37.8
20% EMITFSI -53.5 35.2 71.4 334
30% EMITFSI -53.2 335 58.0 27.2
40% EMITFSI -54.3 29.2 26.4 12.4

The change in morphology is subtle but under SEM imaging as shown in Figure 5.5. Due to the
rigid powdery nature, the stacking of LAGP particles contributes to a rugged pellet surface, resulting in
serious ion transfer barriers at the electrode/electrolyte interface and sluggish battery electrochemistry. By
contrast, the PLE electrolyte membrane shows much smoother surface with LAGP homogeneously
embedded within the PEO matrix This further supports the improvement in electrolyte performance with
EMITFSI. The obtained electrolyte membrane delivers strong structural integrity and good flexibility in
comparison with LAGP pellet and PL electrolyte membrane as shown in Figure 5.5(insets). This solution-

based preparation is facile and efficient, which is highly favorable for large-scale fabrication.
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Figure 5.5 SEM and optical images (insets) of (a) LAGP pellet, (b) PL membrane and (c) PLE membrane
with 30% EMITFSI. Reproduced with permission from J. Electrochem. Soc., 166, H205 (2019).

Copyright 2019, The Electrochemical Society [110].

5.2 Electrochemical Characterization

5.2.1 lonic Conductivity
lonic liquid EMITFSI is mixed into PEO16LiTFSI-LAGP at varying weight percentages relative to
PEO (y = memitesi/Mpeo X 100%) to form PEO:sLITFSI-LAGP-y EMITFSI (PLE) composite polymer

electrolyte. The SS|PLE|SS cells are tested from 30 to 65°C. The Nyquist plots at 30°C, along with the

proposed equivalent circuit is a shown in Figure 5.6. When broken down and separated, Arrhenius plot for

OLAGP, OPE/GB, and ool IS presented in Figure 5.7.
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Figure 5.6 Nyquist plot and equivalent circuit for SS|PEOcLIiTFSI-LAGP-yEMITFSI|SS at 30°C.
Reproduced with permission from J. Electrochem. Soc., 166, H205 (2019). Copyright 2019, The

Electrochemical Society [110].
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Figure 5.7 ionic conductivity attributed to a) LAGP, b) PEO/PEO-LAGP grain boundary, and c) total bulk
conductivity of PLE electrolyte with different of EMITFSI weight content at different temperature.
Reproduced with permission from J. Electrochem. Soc., 166, H205 (2019). Copyright 2019, The
Electrochemical Society [110].

The Arrhenius plot for bulk LAGP conductivity again follows a relatively straight line as is the
case for most solid ceramic electrolytes. 6Lacp generally continuously increases with increasing EMITFSI
with exception of 10% EMITFSI where it mostly overlaps with 0% and is within margin of error. However,
the general increase in 6Lacp can possibly be attributed to the clear improvement in opgice. AS previously
shown in Figure 5.5, with increasing EMITFSI, gaps and cracks in the electrolyte may decrease. This
coupled with the improved conductivity in the polymer phase suggests the boundary between LAGP-PEO
may have become easier to overcome with increasing EMITFSI and allows for more utilization of bulk
LAGP conduction and hence increase in 6 acp. Arrhenius plot for polymer/grain boundary shown in Figure
5.7b resembles a polymer electrolyte following VTF relation. However, with increasing EMITFSI content,
the classic ionic conductivity transition point becomes less clear due to the plasticizing effect of EMITFSI

and the decreased Tr, shifts the transition point to lower temperatures.

Given EMITFSTI’s ability to enhance both bulk LAGP and polymer phase conduction, it is to no
surprise that the total bulk ionic conductivities of the CPEs increase with increasing ionic liquid content as
shown as in Figure 5.7c. This trend is in agreement with gel PEO-lonic liquid electrolytes without active
ceramic fillers[114]. At 40% EMITFSI, the ionic conductivity of the PLE is merely 3 times lower than a

sintered LAGP pellet at 35°C and 6 times higher compared to without, as compared in Figure 5.8.
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Figure 5.8. lonic conductivity comparison at 35°C

5.2.2 Li* Transference Number

Despite EMITFSI seemingly is able to continuously improve the performance of this PLE in terms
of ionic conductivity, the effective lithium ion conductivity needs to take into account the Li* transference
number (tui+). This is due to ionic conductivity obtained through EIS accounts for impedance for all ionic
transfer, including TFSI-, EMI*, and other possible side products ions produced through reactions against

the electrodes. This results in ionic conductivities which appear higher than the actual ability of the
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electrolyte to conduct Li+, so lithium ion conductivity (ovi+) is defined as the product between total ionic
conductivity and Li* transference number, where oLi+ = oro* tui+. LAGP is known to be a single ion
conductor, transferring only Li* ions allows for ti. ~ 1 while ionic liquids such as EMITFSI have ti+ = 0.5.
Transference number is correlated to efficiency as well as rate capability. Thus it is important to investigate
the impact of EMITFSI on the transference number of the composite polymer electrolyte PEO6LIiTFSI-

LAGP-y EMITFSI.

EIS is performed on Li|CPE|Li cells at 50°C before and after 5 hours of polarization, and shown in
Figure 5.9. Polarization of composite electrolytes is conducted at 50°C at 10 mV for 5 hours, the first 50

minutes of the measured current is shown in Figure 5.10.
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Figure 5.9. Impedance spectroscopy of Li|PLE|Li before and after polarization at 50°C. Reproduced with
permission from J. Electrochem. Soc., 166, H205 (2019). Copyright 2019, The Electrochemical Society
[110].
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Figure 5.10. DC polarization of Li|PLE|Li at 50°C at 10 mV. Reproduced with permission from J.
Electrochem. Soc., 166, H205 (2019). Copyright 2019, The Electrochemical Society [110].

As shown in Table 5.2 the composite electrolyte without EMITFSI has a high lithium transference
number of 0.88. The addition of 10% EMITFSI shows a decline to 0.77, followed by diminishing decline
as further EMITFSI is added. It has been shown that the increase of EMITFSI concentration in PEO allows
the anions to diffuse much quicker and easier than Li*[115]. So although ionic conductivity increases with

EMITFSI content, the contribution from anions also increases in proportion.

Table 5.2. Calculation of ti+ utilizing Vincent-Evans equation. Reproduced with permission from J.
Electrochem. Soc., 166, H205 (2019). Copyright 2019, The Electrochemical Society [110].

Sample AV (V) Rg, (Q) Rpss(Q) 1, (A) Igs (A) tuir oL (Sem™)
0% EMITFSI  0.01  20.989 17.111 9.64x10° 856x10° 0.88 2.01x10"
10% EMITFSI  0.01 15.148 13900 1.96x10° 1.53x10° 0.77 2.81x10*
20% EMITFSI  0.01 10.763 8890 238x10° 1.76x10° 0.73  3.07x 10
30% EMITFSI  0.01  9.043 9.002 1.73x10° 1.25x10° 0.72 4.26x10*
40% EMITFSI  0.01  7.846 7.561 1.71x10° 124x10° 072 4.82x10*
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5.2.3 Stability testing (LSV)

Linear sweep voltammetry (LSV) is crucial to examine the stability of electrolyte. Al|CPE|Li cells
were scanned from OCV to - 0.2 V and 6.5 V with aluminum current collector and lithium metal as working
and counter electrode respectively and shown in Figure 5.11. As shown in the figure, PEO-LAGP composite
without EMITFSI delivers anodic stability limit of around 4.2 V where oxidation of TFSI is presumed to
occur, while its cathodic stability limit is roughly 0 V. As EMITFSI is introduced into PEO-LAGP
electrolyte, the cathodic stability limit was narrowed to around 1.5 V ascribed to the reduction of EMI*
cation. Interestingly, the anodic limit of PLE electrolyte firstly expands to around 5.5 V and then decreases
to around 4 V when a high EMITFSI content of 40% is added. The ability of EMITFSI to increase the
anodic stability of PEO has been demonstrated. The decrease at 40% EMITFSI is likely due to the increase
in oxidation reaction of TFSI- overcoming such effect and thus lowering the anodic stability. The overall
stability windows for PLE electrolytes with less than 40% EMITFSI can reach around 4.0 V and cover the
working voltage windows of most cathode materials. However, the relatively narrow stability limit of 40%
EMITFSI sample may still cause unwanted decomposition of electrolyte during cycling and obstruct the

electrochemical reversibility in the according cells.
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Figure 5.11. Linear sweep voltammetry of Al|PLE|Li cells with various EMITFSI content, scanned at 0.1
mV s, Reproduced with permission from J. Electrochem. Soc., 166, H205 (2019). Copyright 2019, The
Electrochemical Society [110].
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5.3 Galvanic Cycling

LiFePO4|PLE|Li cells were fabricated into coin cells and tested through galvanic cycling. The main

parameters of interest are:

1. Deliverable capacity and retention of discharge capacity over charge-discharge cycling
2. Rate capability

3. Coulombic efficiency

As shown in Figure 5.12, LiFePO4|PLE|Li were cycled at 50°C, 48 mA g (0.3C) for 125 cycles.
Each sample contains 0%, 10%, 20%, 30%, and 40% EMITFSI. The highest initial discharge capacity of
146.71 mAh g* comes from 40% EMITFSI, likely due to its high ionic conductivity of 6.95 x 10* S cm™.
However, 40% EMITFSI shows the largest loss in capacity, retaining 72.7% of its initial capacity over 125
cycles. 30% EMITFSI showed slightly lower initial capacity but retained its capacity better, with 74.9%
retention over 125 cycles. CPE containing 20% EMITFSI showed good capacity retention of 79.6% and

shares a similar initial discharge capacity compared to 10% EMITFSI.

All samples containing EMITFSI resulted in higher capacities over 125 cycles. This is consistent
with ionic conductivity results obtained where caow% emiTrsi > 630% EMITESI > G20% EMITFSI > G10% EMITFSI > 0%

emitrsi. CPE containing 30% EMITFSI showed the most favourable deliverable capacity over 125 cycles.
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Figure 5.12 Discharge capacity of LiFePO4|CPE|Li cells, where CPE contains various EMITFSI content,
cycled at 50°C at current density of 48 mA g* (0.3 C). Reproduced with permission from J. Electrochem.
Soc., 166, H205 (2019). Copyright 2019, The Electrochemical Society [110].

The charge/discharge profile is compiled below in Figure 5.13. The over-potential between the
charge and discharge plateau increases continuously with EMITFSI content. The increasing over-potential
is due to the decreasing t.i+, where more energy is used to shuttle ions which do not participate in energy
storage or discharge. At 40% EMITFSI, the over-potential clearly increases with cycle number. This can
be ascribed to the instability of PL-40%E against lithium metal as demonstrated previously through LSV.
The instability likely caused a continuous growth of SEI layer, requiring more and more energy to

overcome, resulting in increasing over-potential as well as drastically decreased capacity.
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Impedance testing was performed on the full cells at the beginning of cycle 1 and 100 and plotted

in Figure 5.14. The high frequency semi-circle is ascribed to lithium diffusion in the SEI layer. From 0-

30% EMITFSI, this had minimal increase over 100 cycles. However, at 40% EMITFSI, the SEI resistance

increased by over 100 times, in-line with the LSV results showing an unstable SEI layer. The second

semicircle refers to charge transfer impedance at electrode-electrolyte interface, where the impedance

increases more with higher EMITFSI content. Charge transfer impedance increased with EMITFSI

content due to the lowering of t.i+, where low ti. indicates shuttling of non-Li+ ions to the surface of the

electrodes, impeding the charge transfer process. However, PL-30%E cell still shows the lowest total

impedance by cycle 100 and is reflected in having the highest retained capacity and high rate capabilities.
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5.3.1 Coulombic Efficiency

As shown in Figure 5.15 and Table 5.3, the average coulombic efficiencies of the CPE are
compared with a conventional liquid electrolyte containing 1 M LiPFs in EC/DEC, soaked into a
polypropylene membrane. Liquid electrolyte shows the lowest average coulombic efficiency of 94.07%,
which is consistent with literature results which states organic solvents such as EC and DEC are
thermodynamically unstable against lithium metal. Over time, with a low coulombic efficiency, the liquid

electrolyte can be depleted due to parasitic reactions.

CPE with 30% EMITFSI showed the highest average coulombic efficiency of 99.19%, while 40%
EMITFSI showing a quicker capacity fading is directly reflected in its lower coulombic efficiency of

97.85%.
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Figure 5.15 Discharge capacity and coulombic efficiency of LiFePO4CPE|Li with CPE containing a) 0%
EMITFSI, b) 10% EMITFSI, c) 20% EMITFSI, d) 30% EMITFSI, and €) 40% EMITFSI cycled at 50°C,
at current density of 48 mA g-1 (0.3 C). f) Discharge capacity and coulombic efficiency of LiFePO4|LE|Li
cell cycled at 50°C, at current density of 48 mA g* (0.3 C).

60



Table 5.3. Summary of coulombic efficiency for charge-discharge cycles performed at 50°C, at 48 mA g-
1(0.3C)

Electrolyte CE?EICC:QEE;:
0% EMITFSI 97.94%
10% EMITFSI 97.11%
PEOssLITFSI-LAGP + 20% EMITFSI 97.92%
30% EMITFSI 99.19%
40% EMITFSI 97.85%
Liquid Electrolyte (LiPFs with EC/DEC in PP) 94.07%

5.3.2 Post Cycling Evaluation

To evaluate the impact of lowered mechanical strength due to the addition of ionic liquid, it is
important to verify any migration of the active cathode material LFP due to the weakening of the PEO
binder. All the previous full cells were disassembled with the lithium anode removed. The cathode-
electrolyte layers were then dipped into liquid nitrogen to freeze before cutting to reveal the cross section
under SEM imaging. EDS for Fe and Ge were performed on the cross section as compiled in Figure 5.16.
It is seen that despite operating at above melting point for EMITFSI-modified-PEO, the structural

integrity is sufficient to trap the LFP in the cathode.
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0% EMITFSI, b) 10% EMITFSI, ¢) 20% EMITFSI, d) 30% EMITFSI and e) 40% EMITFSI after cycling

for > 125 cycles.

5.4 Conclusion

Upon the optimized LAGP loading in PEO electrolyte, further modification by addition of 30%
liquid electrolyte EMITFSI relative to PEO weight, served to improve ionic conductivity by 4 times
compared to without, to 1.03x10“ S cm™ at 35°C (4.26x10* S cm™ at 50°C) and extend the
electrochemical stability window of the composite electrolyte against lithium anode. With the optimized
30% EMITFSI, 139 mAh g was achieved at a cycling rate of 0.3 C after the first discharge, 115 mAh g*
after 125 cycles, and 112.2 mAh g was delivered at 1 C. The decrease in t.i: from 0.88 to 0.72 due to
addition of EMITFSI is still largely favourable when compared to solid polymer electrolytes such as

PEO-lithium salt which are typically below 0.5.
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Chapter 6 Final Conclusion and Future Work

The benefits in switching from conventional LIB to solid state batteries lay in safety, energy and
power density, and paving the path towards a wider selection of electrode material and battery design. The
current obstacle to realizing a commercial future of solid state batteries, like most commodities, are
performance and cost. This thesis delivers a composite ceramic-polymer electrolyte assisted by ionic liquid,
which lowers cost by lowering LAGP loading, with high total ionic conductivity surpassing similar systems

with even higher ceramic loading using an easily scalable layered casting method.

While PEO is one of the most predominant and well-studied solid polymer electrolyte due to its
stability against lithium, ease of manipulation, and cheap cost, appreciable performance has generally
required a working temperature of at least 60 to 70°C, which severely limits its practical uses in portable
energy storage. By incorporating LAGP to provide mechanical integrity while plasticizing the PEO phase
through ionic liquid EMITFSI, high performance was achieved at just 50°C, where ionic conductivity
reached 4.26x10* S cm® with lithium transference number of 0.72. The battery delivered 139 mAh g*
initially at a cycling rate of 0.3 C after the first discharge, and depreciated to 115 mAh g* after 125 cycles,
with average coulombic efficiency of 99.19%. At 1C cycling rate, 112.2 mAh g was delivered. This may
help promote the development as well as mass production of high performing solid state lithium metal

batteries for a safe and productive future.

However, while this work showed promising results for up to 125 cycles, the future of batteries has
a much more stringent requirement for cycle life. The nature of capacity depreciation in this work is mostly
due to the imperfect SEI layer formation with EMI* and TFSI" ions. One proven method to extend the cycle
life is through atomic layer deposition (ALD) of an artificial SEI layer such as Al,Os. 5 cycles of ALD
deposition of Al,Os were coated onto the surface of PLE as an artificial interface against lithium metal. The
results can be seen below in Figure 6.1, where it is obvious the capacity fading has decreased while initial
deliverable capacity remains mostly unchanged. The Al,O3z was coated directly onto the surface of the PLE
electrolyte instead of the conventional lithium metal surface. This was done in attempt to further stream-
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line the production of the battery by eliminating the possibility of exposure of lithium metal to air or
contaminants and causing oxidation. This preliminary work shows that it is possible to achieve similar

lithium anode protection effects by directly depositing Al,O3 onto a polymer electrolyte through ALD.
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Figure 6.1 Full cell cycling comparison with and without Al,O3 ALD modification

Aside from surface modification to extend battery life cycle, the research and development into mass
production of advance 3D structured electrolyte structure is also crucial to improving battery performance
at near ambient temperature. However, in-lieu of a simple method to mass produce advance structured
commercial solid electrolytes and malleable polymer electrolyte with high ambient temperature
conductivity in the order of 10° S cm™ or higher, layered structures of solid composite electrolytes is

seemingly the current way to go.
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