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Chapter 1

Chapter 1 Introduction
1.1 Purpose of the Study

Increasing concerns on environmental pollution propel the development of electrification of
transport worldwide. For example, according to a United States Environmental Protection Agency
report, the transportation sector accounted for the most significant portion, 27%, of the total
greenhouse gas emissions in the U.S. in 2020 (Figure 1.1). Specifically, cars, trucks, aircraft, trains,

and ships contribute to transportation emissions.

M Transportation - 27%
I Electricity - 25%
M Industry - 24%

M Agriculture - 11%
I Commercial - 7%
" Residential - 6%

Figure 1.1 U.S. greenhouse emissions by sector in 2020.

https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions

As a result, reducing transportation emissions is one of the most important steps to tackling the
climate emergency. It is necessary to shift away from gasoline or diesel-powered vehicles to
electric vehicles (EVs). The critical component of an EV is the battery. In addition, using renewable
energies, such as wind and solar energies, would be a great advantage because it can help to reduce
fossil fuel usage, the largest source of carbon dioxide, and it can also help to mitigate the energy
deficit. However, the sun does not always shine, and the wind does not always blow. Advanced
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Chapter 1

energy storage systems, i.e., advanced batteries, are required to use renewable energy resources
more efficiently.

On July 14, the European Union announced an effective ban on selling new gasoline and diesel
cars from 2035. This will undoubtedly speed up the switch to zero-emission EVs to counter global
warming. As reported by Bloomberg New Energy Finance, EVs will cost almost the same as their
internal combustion counterparts, which is believed to be the point of the liftoff for EV sales. This
is evidenced by the fact that Tesla’s stock jumped to a new record high last October. The
automaker’s market capitalization reached US$1 trillion, becoming the sixth company in U.S.
history to achieve this record. Yet the world’s first mass-produced 100% EV was Nissan LEAF,
officially launched in 2010. Taking the Nissan LEAF 2021 as an example, it can go up to 458 km
on a single charge with a standard 62 kWh battery pack (Figure 1.2). The battery life is estimated

to be 8 years or 160,000 km in everyday use.

Figure 1.2 Nissan LEAF 2021. https://www.nissan.co.jp/

Nevertheless, many people have been deterred by the driving range anxiety because there is a
lack of public charging stations. In addition, Li-ion batteries with a liquid electrolyte are potentially
dangerous as the liquid electrolyte is usually flammable.

Rechargeable Li metal batteries are widely regarded as the next-generation batteries with a high

energy density. This is because the Li metal anode has a high theoretical specific capacity (3860
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mA h g, about 10 times higher than a graphite anode) and the lowest redox potential of -3.04 V
vs. a standard hydrogen electrode (SHE). Thus, the driving range of EVs powered by Li metal
batteries is expected to increase significantly. However, uncontrollable Li dendrite growth and
other side reactions between Li metal and common liquid electrolytes make its practical use as an
anode material impossible. On the other hand, solid electrolytes, such as garnet-type LizLasZr.O1
(LLZO), can physically suppress the initiation and propagation of Li dendrite to a large extent
because of their relatively high elastic and shear moduli. LLZO is also stable in dry air, odorless,

and chemically compatible with a Li metal anode. Thus, solid-state Li metal batteries are a
potentially game-changing technology with many advantages, such as far less flammable, wider
temperature windows, higher energy densities, and faster charging times.

This study aims to develop solid-state Li metal batteries with a garnet or a garnet-based solid
electrolyte. Since LLZO is intrinsically brittle, forming good physical contact between LLZO and
electrode materials is difficult, especially with the cathode materials. Therefore, solving the
interfacial contact issue between LLZO and cathode materials, usually ceramic oxides, is crucial
for the development of LLZO-based solid-state Li metal batteries. It is possible to mitigate the
interfacial contact issue by developing an LLZO-based flexible sheet electrolyte or a quasi-solid-
state composite cathode, where the active cathode material can be layered oxide LiCoO. (LCO) or

high-nickel layered oxides (NMC). The research results are briefly presented and discussed here.

1.2 Brief Introduction of LLZO

A research group led by Prof. Werner Weppner at the University of Kiel, Germany, first reported
Li* transport properties of a garnet-type solid-electrolyte, LisLasM2012 (M=Nb, Ta), in 2003. The
lithium-stuffed garnet LisLasTa2012 exhibited a relatively high Li* conductivity in the order of 10

¢S cm™[1]. The relatively high ionic conductivity and chemical stability of LisLasTa,O1. attracted
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tremendous research attention on Li* conductivity optimization through appropriate structural and
chemical composition modifications. The replacement of tetravalent Zr for M in LisLasTa2O12 led
to the discovery of garnet-type LizLasZr.012 in 2007, also by Prof. Weppner’s research group. The
cubic LLZO sintered at 1230 °C in an alumina crucible showed a high ionic conductivity, in the
order of 10* S cm™, and good chemical stability against molten Li. However, LLZO exists in
tetragonal and cubic polymorphs [2]. The tetragonal, LLZO sintered at relatively lower

temperatures, shows a much lower ionic conductivity (about 10° S cm™) than the cubic counterpart.

Figure 1.3 Crystal structure of cubic LizLasZr.O12 [3]

A milestone for the synthesis of cubic LLZO was achieved in 2011. Geiger et al. found that a
small amount of Al-doping (incorporated from the alumina crucibles during high-temperature
sintering) could help stabilize the LLZO cubic structure (Figure 1.3) [4]. As a result, Al.Os powder
has been widely used as one of the starting materials for the synthesis of cubic LLZO. At the same
year, a research group led by Prof. Kiyoshi Kanamura at Tokyo Metropolitan University applied

cubic LLZO as a solid electrolyte in an Li/LCO full cell for the first time.
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Based on ab initio calculations, Li-ions are generally supposed to migrate through the adjacent
Li(2) and Li(1) sites, as shown in Figure 1.4 [5]. The energy barrier for such a migration path was

calculated to be only 0.26 eV, which explained the high ionic conductivity of cubic LLZO at room

temperature.
o Li(2)
0.4} : . ’
j L|7La$Z|2012

_03F

% 02}

= 0.1 ! ‘
0.0 F Li(2) Li(1) corner Li(2)

Figure 1.4 Li* transport mechanism in cubic LizLazZr.012 [5]

For the electrochemical window, although experimental results indicate that LLZO has a very
high oxidation potential above 5 V relative to Li/Li*, ab initio calculations suggest that the
electrochemical window of cubic LLZO is only in the range of 0.05 to 2.91 V vs. Li/Li* [6]. One
explanation is that decomposed interphases form a protection layer on the solid electrolyte,
preventing further decomposition. In addition, the decomposition of the interphases provides an
extra electrochemical window. Overall, cubic LLZO is a promising solid electrolyte for Li metal
batteries.

1.3 Issues of LLZO solid electrolyte

From an engineering point of view, high-temperature sintering for large-scale production of
membrane LLZO is very difficult. Due to the intrinsically brittle nature of polycrystalline LLZO,
it is difficult for LLZO to form good interfacial contact with the electrode, especially with the
cathode, which usually results in high interfacial resistance. In addition, high-temperature sintering
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(e.g., 1200 °C) is necessary to densify the LLZO powders, while Li loss and various side reactions
are likely to occur at high temperatures. Moreover, integrating a thin LLZO membrane into a Li
metal battery is challenging because thin LLZO membranes are very fragile.

1.4 Flexible LLZO-based composite sheet electrolyte

PEO-based flexible sheet electrolytes with LLZO and Li salts as ionic conducting promoters
have been reported [7,8]. The ceramic-in-polymer sheet electrolyte containing 60 wt% of LiTFSI
and 34 % of Ta-doped LLZO showed a high ionic conductivity of 1.2 x 10* S cm™ at 30 °C.
However, the Li salt content was as high as 60 wt% (very expensive) and it was also difficult to
scale up the production of the sheet electrolyte by hot pressing.

We thus adapted a different approach to producing LLZO-based composite flexible sheet
electrolytes. An Al-LLZO powder and a polystyrene-type elastomeric binder were ball-mixed in
toluene. The slurry was tape cast onto a polyethylene terephthalate (PET) substrate at room
temperature, following drying at 80 °C for 6 h in vacuum. The thickness of the sheet could be easily
controlled in the range of several tens to several hundreds of micrometers. After drying, the sheet
could be easily peeled off from the PET substrate and was self-standing. Although the Al-LLZO
content in the sheet electrolyte was as high as 90 wt%, the sheet could be folded and twisted without
breaking, demonstrating good flexibility and mechanical stability. Cross-sectional SEM
micrographs revealed the porous structure of the tape-cast sheet electrolyte, where nano-sized pores
were observed among primary Al-LLZO particles (Figure 1.5). In contrast, micro-sized pores were
observed among secondary Al-LLZO particles. The porosity of the as-cast sheet was estimated to

be 50%.
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Fig. 1.5 Optical and SEM images of the flexible Al-LLZO sheet electrolyte after drying. (a) Tape-
casting of the AI-LLZO sheet on a 75 um-thick PET substrate, (b) Self-standing Al-LLZO sheet
after peeling off the PET substrate, (c) Dry sheet with a thickness of 350 um shows good flexibility,
(d) Fractured cross-section of the sheet electrolyte. The inset shows a cross-section of the sheet cut
by focused ion beam (FIB).

To increase the ionic conductivity of the sheet electrolyte, we cold-pressed the sheet to reduce
its porosity. However, particle rearrangement and consolidation through plastic deformation were
almost completed when the sheet was cold pressed at 700 MPa. The porosity of the sheet electrolyte
was decreased to 15 % accordingly, while its ionic conductivity could only reach 1.2 x 10° S cm-
Lat 25 °C through cold pressing. To further improve the ionic conductivity of the sheet electrolyte,
the sheet electrolyte was impregnated with a solvate ionic liquid (IL). The absorbed IL content was
proportional to the sheet porosity, which could be tuned by cold-pressing. The IL uptake by the
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100 MPa cold-pressed sheet was 14.6 wt%, corresponding to 32 vol%. Based on percolation theory
[9], a solid-liquid system would become locked when the liquid was less than 30 vol%. This is
because the liquid became discontinuous and was unable to flow. Therefore, 100 MPa was slightly
lower than the ideal pressure.

The cell delivered an initial discharge capacity of 126 mA h g at 30 °C and 117 mA h g* at
60 °C. However, noticeable capacity fading was observed after a few cycles. The instability of the
solvate IL was believed to be one of the main reasons for the capacity degradation. Thus, searching
for a suitable IL is essential for developing the quasi-solid-state LLZO-based composite flexible
sheet electrolyte.

1.5 Quiasi-solid-state composite cathode

Another way to counter the interfacial resistance issue between the cathode and the LLZO solid
electrolyte is to introduce a small amount of IL into the cathode. A Li metal battery with an IL-
containing quasi-solid-state LiFePO4 (LFP) cathode and an AI-LLZO pellet electrolyte was
reported by a research group led by Prof. Honma at Tohoku University in 2018 [10]. Similarly, we
developed an IL-containing quasi-solid-state LCO cathode here. The pre-introduction of an IL
effectively reduced the cathode-side interfacial resistance. Compared with the solvate IL of
Li(G4)FSlI, a conventional IL of 1 mol dm™ LiTFSI/EMI-TFSI, designated ET, was found to be
more electrochemically stable. In addition, although excessive IL can thoroughly wet the solid-
state LCO/AI-LLZO interface, electron transport can also be blocked because the IL is electrically
insulating. Meanwhile, particle (e.g., LCO and carbon black) agglomeration is also likely to occur,
reducing the utilization rate of LCO. The cycling performance of the quasi-solid-state LCO cathode

with the ET IL (7.8-17.6 wt%) is shown in Figure 6.
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Figure 1.6 Cycling performance of the quasi-solid-state LCO cathode with the ET IL at 60 °C.

The optimal content of the ET IL was found to be 11.3 wt%. However, noticeable capacity decay
of the quasi-solid-state Li/Al-LLZO/LCO cell was observed with cycling. The increase in the
overall resistance of the cell also indicated this. We assumed that there were interfacial reactions
between the IL and the LCO active material. The stability of LCO against the ET IL was
investigated using XPS and TEM. Failure mechanisms of the quasi-solid-state Li/Al-LLZO/LCO
cell are illustrated in Figure 1.7. First, GF was thermally decomposed after prolonged cycling at
60 °C, as indicated by the FTIR analysis, although it was electrochemically stable up to 4.5 V vs.
Li/Li*. On the other hand, ET became electrochemically oxidized at potentials slightly above 4.0

V vs. Li/Li", as evidenced by LSV and CV analysis. Thus the primary reasons accounting for the
15
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decay of the cell could be: dissociation or desolvation of the ILs, cracking and agglomeration of

LCO particles, the continuous growth of the CEI layer on LCO, reactions between the ILs and the

Al current collector, and the blocking of the charge transfer pathway between LCO and the Al

current collector.

60 °C
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Figure 1.7 lllustration of the failure mechanisms of the quasi-solid-state Li/Al-LLZO/LCO cell. (a)

Thermal decomposition or electron-oxidation of the ILs, (b) and (c) Dissociation or desolvation of

GF in carbon black and PVDF binder, (d) Cracking of LCO caused by stress accumulation and

fatigue, (e) Agglomeration of LCO (or AB) particles, (f) Growth of the CEI layer on LCO because

of reactions between LCO and the IL, (g) Possible reaction between Li metal and the ILs, (h)

Corrosion of Al current collector in the ILs and (i) Blocking of electron transport by excessive IL.
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Thus, a quasi-solid-state and non-fluidic LCO composite cathode was developed, and the
interfacial resistance between the quasi-solid-state LCO cathode and LLZO was less than 120 Q
cm?. The optimal concentration of a conventional IL in the quasi-solid-state LCO was 11.3 wt%
(27.1 vol%). The quasi-solid-state Li/Al-LLZO/LCO cell achieved relatively high capacity
retention of about 80% after 100 cycles at 60 °C. The capacity decay was mainly due to the

reactions between LCO and the IL as well as the decomposition of the IL.

1.6 All-Solid-State-Li Metal batteries

The large interfacial resistance between solid electrolytes and cathodes is the major challenge to
overcome in developing all-solid-state Li-metal batteries. Introducing a small amount of liquid
electrolyte to wet the solid electrolyte/electrode interface is a convenient and effective way to
reduce the interfacial resistance [11]. Besides, polymer-in-LLZO flexible sheet electrolytes were
also proposed to optimize the physical contact between solid electrolytes and cathodes [12].
Nevertheless, introducing a liquid electrolyte or applying a polymer-based flexible electrolyte to
reduce the interfacial resistance will compromise battery safety. For example, the most widely used
poly(ethylene oxide) solid-state polymer electrolyte (PEO) is readily flammable. In comparison,
thermally soldering cathodes and solid electrolytes with a low-melting-point solid electrolyte was
a relatively new approach to mitigating interfacial resistance [13].
Aerosol deposition (AD) is a room-temperature coating technology that deposits cathode films on
ceramic electrolytes. An illustration of the aerosol deposition setup is shown in Figure 1.8A.
Accelerated particles are cracked and deformed when hitting the ceramic substrate (Figures 1.8B
and C) [14, 15]. The high surface energy generated from particle fracture or plastic deformation is
likely to be the driving force for the densification of small particles at room temperature. However,

ceramic-based all-solid-state Li metal batteries prepared by AD usually can hardly work and
17
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degrade rapidly with cycling, most likely due to the high interfacial resistance and the degradation
of the electrode-solid electrolyte interface. The stresses generated by the insertion and extraction
of Li-ions into and out of the cathode materials can result in interfacial cracking. As a result, further
interface engineering is needed to reduce the interfacial resistance and to maintain the integrity of
the cathode-solid electrolyte interface prepared by AD. For example, the deposited cathode layer
and the ceramic electrolyte can be joined together with a low-melting-point solid electrolyte at

heating (Figure 1.8D), which has been pre-coated on the surface of the cathode material.

A Acrosol deposition setup B Acrosol deposition C  As-deposited

Valve=— Accelerated particle — -
Deposition chamber

I Substrate

Solder- - =
Nozzle
i' D Heat-treated

Powder feeder

Gas cylinder Rotary pump LLZO substrate

Figure 1.8 Illustration of the AD process. (A) IHlustration of the AD setup, (B) Solder-coated
cathode particles hitting onto an LLZO substrate, (C) As-deposited cathode layer, where the
particles are cracked and deformed, (D) Heat-treated cathode layer, where a low-melting-point

solder material upon heating fills the cracks and voids.

An SEM image of the pristine LCO powder synthesized by a sol-gel method is shown in Figure
1.9a. The particle size is in the range of 0.5-3.0 um, and the surface is clean. The LBO coated the
LCO particle (Figures 1.9b and c) through ball milling and heat treatment (800 °C). The mass ratio
between LCO and LBO in the composite LCO-LBO cathode material is 7:3. The synthesized
crystalline LBO became amorphous-like after ball milling.
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The LBO-LCO powder was deposited onto a cubic LLZO substrate by AD at room temperature.
The interfacial contact between LBO-LCO and LLZO was further improved following heat
treatment at 750 °C for 1 h (Figure 1.9d). The thickness of the deposited composite cathode layer
is generally in the range of 4 to 8 um, while it is also possible to deposit much thicker cathode films
(e.g., a 25 um-thick film on LLZO by AD. Figures 1.9e and f show the energy-dispersive X-ray
spectroscopy (EDS) mappings of oxygen and cobalt at the LBO-LCO|LLZO interface region,

indicating good interfacial contact was achieved.

Al-LLZO

Figure 1.9 SEM micrographs of the LBO-LCO/LLZO interface. (a) As-synthesized LCO powder,
(b) LBO-coated LCO powder, (c¢) High-resolution SEM image of the circled area in (b), (d) LBO-

LCO cathode layer deposited on LLZO by AD at room temperature, following heat treatment at
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750 °C for 1 h, (e) Element mapping of oxygen at the LBO-LCO/LLZO interface area, (f) Element

mapping of cobalt at the LBO-LCO/LLZO interface area

In this study, I tried to engineer the interface between cathodes and the garnet-type LLZO solid
electrolyte to reduce the interfacial resistance, which is the bottleneck for further improving the
performance of solid-state Li metal batteries. As a result, 1 developed an ionic-liquid-containing
quasi-solid-state LLZO-based flexible sheet electrolyte and an ionic-liquid-containing quasi-solid-
statet LCO cathode. | also deposited several cathode materials, such as Li-rich
Li1.2Mno54Ni0.13C00.1302, on the Al-LLZO ceramic electrolyte by aerosol deposition for making
all-solid-state Li metal batteries. Some progress in reducing the interfacial resistance between the

LLZO solid electrolyte and electrodes has been achieved.
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Chapter 2 Preparation of garnet-based flexible sheet electrolyte

2.1 Abstract

The increasing demand for high-energy-density batteries stimulated the renaissance of research
interest in Li metal batteries. The garnet-type ceramic LizLasZr.012 (LLZO) is one of the few solid-
state fast ion conductors that are stable against Li metal. However, densification of LLZO powders
usually requires high sintering temperatures (e.g., 1200 °C), which likely results in Li loss and
various side reactions. From an engineering point of view, high-temperature sintering of thin LLZO
electrolytes (brittle) on a large scale is difficult. Moreover, the high interfacial resistance between
the solid LLZO electrolytes and electrodes is a notorious problem. Here we report a practical
synthesis of a flexible composite Al-doped LLZO (Al-LLZO) sheet electrolyte (75 pum in
thickness), which can be mass-produced at room temperature. This ceramic-based flexible sheet
electrolyte enables Li metal batteries to operate at 60 °C and 30 °C, demonstrating its potential for

developing practical Li metal batteries.

2.2 Introduction

Sustainable energies, such as wind and solar energy, must be further explored to resolve the
conflict between the growing global energy demands and the depleting fossil fuels [1]. Meanwhile,
increasing concerns on environmental pollution propel the development of electric vehicles (EVS).
Advanced energy storage systems are the key to effectively using renewable but intermittent energy
resources for grid storage and EVs. Though Li-ion batteries have profoundly impacted modern
society since their first commercialization by Sony in 1991 [2], EVs with a range of 800 km or
more still require substantial improvements in capacity, cyclability, and safety of the state-of-the-

art Li-ion technology [3]. This led to the renaissance of research on Li metal batteries because
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metallic Li has an ultrahigh theoretical specific capacity of 3860 mA h g and the lowest redox
potential of -3.04 V vs. standard hydrogen electrode [4]. In contrast, the widely used graphite anode
has only about one-tenth the capacity of Li metal (372 mA h g). However, the utilization of Li
metal anode is problematic in liquid-based batteries due to the inhomogeneous deposition of Li
metal [5]. Inorganic solid-state electrolytes can stabilize the Li-electrolyte interface and reduce the
risk of fires and explosions from flammable liquid electrolytes [6-10]. Compared with sulfides (e.g.,
Li»S-P2Ss and LiioGeP2S12), ceramic oxides (e.g., (La, Li)NbOz) and Li13Alo3aTi17(PO4)3) are
generally more stable against ambient air and thus can be more easily handled during processing
[9, 11-14]. In particular, the garnet-type LLZO has attracted tremendous interest as a promising
solid electrolyte due to its high ionic conductivity (about 102 S cm™ at 25 °C) and high chemical

stability against metallic Li [15-20].

However, high-temperature sintering (e.g., 1200 °C), which is very energy inefficient and time-
consuming, is generally necessary to densify LLZO powders [21-23]. Meanwhile, Li loss and side
reactions are likely to occur at high temperatures. Therefore, considerable efforts have been put
into lowering the sintering temperature of LLZO powders. For example, a dense LLZO-Li3BO3
composite was prepared at 900 °C with LizBOz as a sintering aid [24]. Using LisN as a Li source
for compensation, cubic LLZO was synthesized at 660 °C using a pulsed laser deposition technique
[25]. Nevertheless, from an engineering point of view, high-temperature sintering for large-scale

production of LLZO membranes is very difficult.

Besides the high sintering temperature, the poor physical contact between LLZO pellets and
cathode materials usually results in high interfacial resistance [26]. To solve this issue, co-sintering
of cathode materials, e.g., LiCoO2 (LCO) and LLZO powders, was proposed [27]. However, LCO

would decompose at a sintering temperature higher than 900 °C [28]. Therefore, IL-contained
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quasi-solid-state electrolytes were explored, where the interfacial resistance was substantially
reduced by introducing a small amount of IL [29-30]. ILs are generally supposed to be thermally
stable, almost non-volatile, and non-flammable [31]. For example, an IL of N-butyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PywsTFSI), a Li salt of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), and an LLZO powder (w:w:w=19:1:80) were ball-
mixed and cold pressed, forming a highly conductive quasi-solid-state electrolyte [29]. However,
the cold-pressed quasi-solid-state LLZO pellets are still brittle and unsuitable for mass production.
Alternatively, LLZO particles have been integrated into LiTFSI-containing polyethylene oxide
(PEO) polymers to form flexible composite sheet electrolytes, which are not only flexible and easy
to handle but also capable of self-healing. Yet the PEO-based flexible electrolytes usually suffer

from poor ionic conductivity (<1.0 x 10°S cm™ at 25 °C) and low oxidation stability [32]. A

question arises, can we produce a flexible and highly conductive LLZO sheet electrolyte at room

temperature?

Here we report a room-temperature synthesis of a flexible composite Al-LLZO sheet electrolyte
by tape-casting and IL-impregnation (IL: Li(G4)FSI, a lithium bis(fluorosulfonyl)imide (LiFSI)
and tetraglyme (G4) equimolar complex, regarded as a solvate IL [31]; G4 is less costly in
comparison to conventional ILs, e.g., 1-ethyl-3-methylimidazolium-
bis(trifluoromethylsulfonyl)imide (EMI-TFSI)). ILs are not only capable of bridging the LLZO
particles, forming an efficient Li* pathway, but could also wet the solid electrolyte/electrode
interface (as illustrated in Figure 1(a)), effectively reducing the interfacial resistance. The
synthesized sheet electrolyte is flexible, mechanically robust, and highly conductive (close to 1.0

X 10 S cm™ at 25 °C). Moreover, room-temperature synthesis is simple and suitable for industrial

production. Composite Li/AL-LLZO sheet/LCO cells can deliver an initial discharge capacity of
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139 mAh gt at 0.1 C and 60 “C. In addition, the cells can also work at 30 “C and deliver an initial

discharge capacity of about 110 mAh g at 0.1 C. These results demonstrated the potential of the

flexible sheet electrolyte for developing practical Li metal batteries.

2.3 Experiment
2.3.1 Casting of flexible Al-LLZO sheet electrolytes

An Al-LLZO powder (D50 = 10 um, Daiichi Kigenso Kagaku Kogyo Co., Ltd., Japan) and a
polystyrene-type elastomeric binder (Chukyo Yushi Co., Ltd., Japan) (w:w = 20:1) were mixed in
toluene (Wako Pure Chemical Corp., Japan). The mixture was ball-mixed (ZrO ball, 5 mm in
diameter) with a planetary centrifugal vacuum mixer (ARV-310, Thinky, Japan) at 2000 rpm for
15 min. The formed slurry was cast onto a polyethylene terephthalate (PET) substrate (75 pm in
thickness) using a doctor blade. Though the polystyrene-type binder is a Li-ion insulator, it has a
high binding affinity to ceramics. Its relatively slow solidification rate makes it suitable for forming

a stable LLZO slurry for tape casting at room temperature. The as-cast sheet was dried at 25 “C for

8 h in a vacuum.

2.3.2 Cold isostatic pressing and IL-impregnation processes

Circular samples were punched from the dried sheet and were cold isostatically pressed (CIP) at
150 MPa for 5 min. After Au-coating (ion current: 3.5 mA,; sputtering time: 1 h for one side), the
circular samples were immersed in a solvate IL of Li(G4)FSI for 8 h in an Ar-filled glove box. The
sample surface was dried with glass filter papers, and the weight percentage of the IL absorbed was

about 10.2 wt% (about 26.1 vol%).

27



Chapter 2

2.3.3 Preparation of IL-containing composite LCO cathode

LCO powder, acetylene black (AB), and polyvinylidene difluoride (PVDF) (w:w:w=92:4:4)
were ball-mixed in N-methyl-2-pyrrolidone (NMP), and the slurry was cast onto an Al foil (20 um
thick). The composite cathode layer was dried at 80 °C in a vacuum for 8 h and then immersed in

the IL (Li(G4)FSI) for 8 h in an Ar atmosphere.

2.3.4 Materials characterization

Scanning electron microscopy was conducted on a JSM-6490A SEM. Liquid
nuclear magnetic resonance (NMR) spectroscopy (‘Li NMR, JEOL ECS-300, Japan) was used to
determine the interaction between the IL and Al-LLZO. Differential scanning calorimetric (DSC)
analysis was performed using a thermal analyzer (TA-60 WS, Shimadzu, Japan) from -80 °C to
80 °C at a scanning rate of 2 °C min™. The thermal stability of the sheet electrolyte was investigated
using the thermogravimetric analysis technique (TG, DTG-60 H, SHIMADZU, Japan) between
30 °C and 250 °C with a heating rate of 5 °C min™’. The total ionic conductivity of the composite
sheet electrolyte was measured by electrochemical impedance spectroscopy (EIS) (5 MHz to 0.1
Hz, 10 mV amplitude; Biologic SP-300 Potentiostat, France) in the temperature range of 25 to

80 °C.

2.3.5 Cell fabrication

CR-2032 coin cells were assembled with the composite LCO layers (8 mm in diameter and ~
35 um thick in thickness; LCO loading: ~7 mg cm), the flexible composite Al-LLZO sheets (16
mm in diameter) or Al-LLZO pellets (15 mm in diameter and with the anode side Au-coated), and
Li foils (10 mm in diameter and 25 um in thickness) in an Ar-filled glove box. The assembled cells

were heat-treated at 60 °C for 12 h in that the Au layer deposited on the LLZO surface would form
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an Au-Li alloy with the Li metal anode, and good contact between the Al-LLZO pellet and the Li
metal anode was expected [33]. For the case of the flexible composite Al-LLZO sheet, it was
relatively easy to form good physical contact with the Li metal anode upon pressure. Also, IL could
be squeezed out from the flexible composite sheet electrolyte to wet the interface between the Li
metal anode (or the LCO cathode) and the flexible composite sheet electrolyte. Galvanostatic
cycling was performed at 30 °C and 60 °C, respectively, with a C-rate of 0.1 C in the voltage range

of 2.5-4.2 V.

2.4 Results and Discussion
2.4.1 Concept and optical image of the sheet electrolyte

The doctor-blade casting of the Al-LLZO sheet electrolyte in ambient air is shown in Fig. 2.1(b).
The as-cast sheet (about 100 um thick) can be easily removed from the PET substrate after drying
(Fig. 2.1(c)). Although the volume fractions of the Al-LLZO particle in the as-cast ((Fig. 2.1(c))
and the IL-impregnated ((Fig. 2.1(d)) sheets are as high as about 80 % and 60 %, respectively, both
sheets show good flexibility and high mechanical stability. In addition, different from sulfide

electrolytes, this flexible Al-LLZO sheet electrolyte is easy to handle in ambient air.
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Fig. 2.1 Concept of the flexible composite Al-LLZO sheet electrolyte and its synthesis at room
temperature. (a) illustration of the composite sheet electrolyte, (b) doctor-blade casting of the sheet
electrolyte in ambient air, (c) as-cast green sheet, (d) cold-pressed and IL-impregnated Al-LLZO

sheet electrolyte

2.4.2 Microstructure of the sheet electrolyte

A cross-sectional SEM micrograph of the as-cast Al-LLZO sheet electrolyte is shown in Fig.
2.2(a), where Al-LLZO particles are bound together, forming a sponge-like structure. Nano-sized
pores are observed among primary Al-LLZO particles, while micro-sized pores are observed
among secondary particles (Fig. 2.2(b)). The porosity of the as-cast sheet electrolyte was estimated
to be 50%, based on the densities of the polystyrene-type binder and Al-LLZO. After cold-pressing
at 150 MPa for 5 min, the thickness of the sheet electrolyte decreased to about 75 um (Fig. 2.2(c)),

and the porosity decreased from 50% to 35%, correspondingly (Fig. 2.2(d)). EDS element mapping
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of La (Fig. 2.2(c)) indicates a uniform distribution of the Al-LLZO particle in the sheet electrolyte.
On the one hand, denser solid electrolytes usually have higher ionic conductivities; conversely, a
more porous sheet can absorb more IL, increasing its ionic conductivity. Thus, a systematic study
is needed to find a balance between the porosity, the ionic conductivity, and the cost of the flexible

composite sheet electrolyte.

30 um

Fig. 2.2 SEM micrographs of as-cast and cold-pressed Al-LLZO sheet electrolytes. (a) cross-
section of the as-cast sheet electrolyte, (b) enlarged view of part of the cross-section shown in (a),
(c) cross-section of a 150 MPa cold-pressed sheet (inset: EDS mapping of La), (d) enlarged view

of part of the cross-section shown in (c)

2.4.3 Interactions between Al-LLZO and IL
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Interactions between the IL and AI-LLZO particles were expected in the IL-impregnated Al-
LLZO sheet electrolyte. To prove this claim, NMR and DSC analyses were carried out. As shown
in Fig. 2.3(a), the "Li peak of the IL in the sheet electrolyte significantly broadened, and the peak
position also slightly shifted to a higher magnetic field. This could be attributed to the strong
interactions of the Li* in the IL and Al-LLZO [34], indicating the formation of an IL/AI-LLZO
composite material. Similarly, as shown in Fig. 2.3(b), the DSC endothermic peak of the IL in the
sheet electrolyte shifted about 2.5 °C toward higher temperature, further proving the interactions
between the IL and the AI-LLZO particles. Besides, to study the thermal stability of the composite
sheet electrolyte, TG analysis was performed in air and N2, respectively (Fig. 2.3(c)). A slight

weight loss (about 1.5%) occurred at 46 °C, possibly
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Fig. 2.3 Analysis of the interaction between the IL and the Al-LLZO particle in the sheet electrolyte.
(@) NMR spectra of the IL and the IL impregnated in the Al-LLZO sheet, (b) DSC spectra of the
IL and the IL impregnated in the Al-LLZO sheet, (c) TG spectra of the IL-impregnated Al-LLZO

sheet in both air and N2

corresponding to the evaporation of the residual toluene. The composite sheet electrolyte was
thermally stable up to 142 °C, where a sudden weight loss (about 6.5%) occurred, most likely due

to the decomposition of the IL [35].

2.4.4 Electrochemical performance of the sheet electrolyte
The impedance (R) of the composite sheet electrolyte was measured using EIS, and the total

ionic conductivity ¢ is determined using the following equation (Eq. (2.1)),

o=— (2.1)

where L is the thickness of the sheet electrolyte, and A is the active electrode area. The ionic
conductivity of the as-cast Al-LLZO green sheet was only about 2.0 x 10° S cm™ at 60 °C because
the interfacial resistance was as high as about 1.0 x 107 Q (Fig. 2.4(a)). In contrast, the ionic
conductivity of the IL-impregnated sheet electrolyte reached 7.1 x 10° S cm™ at 25 °C (Fig. 2.4(b)),
indicating that the IL filled the pores and connected the LLZO particles, forming an efficient Li*
pathway in the sheet electrolyte. Since the green sheet was cast in ambient air, common LLZO
surface contaminants, i.e., Li.COz and LiOH, would decrease its ionic conductivity and increase
the interfacial resistance [36]. Thus, the ionic conductivity of the composite sheet electrolyte would
be expected to improve by optimizing the processing conditions, such as casting the green sheet in

Ar or removing the surface contaminants by acid etching [37]. In addition, impregnating the sheet
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with highly conductive ILs would increase its ionic conductivity. In comparison, the ionic
conductivity of the hot-pressed flexible LLZO/PEO/LITFSI hybrid electrolyte was only about 1.0

x 10° S cm?at 25 °C [32].

The temperature dependence of the ionic conductivities of the flexible composite sheet

electrolyte, the IL, and a 1200 °C-sintered Al-LLZO pellet was fitted with the Arrhenius equation

(Eq. (2.2)):

o(T)= o, exp[-E, /(kgT)] (2.2)

where o Is the ionic conductivity, oo is the pre-exponential factor (a constant with the same unit as
o), T is the absolute temperature, Ex is the activation energy, and kg is the Boltzmann constant. The
activation energies of the composite sheet electrolyte, the IL, and the 1200 °C-sintered Al-LLZO
pellet were estimated to be 0.24 eV, 0.31 eV, and 0.26 eV, respectively (Fig. 2.4(c) and Table 2.1).
The composite sheet electrolyte has lower activation energy than its two ionically conductive
components (the elastomeric binder is ionically insulating). Thus Li* ions are supposed to diffuse
through the AI-LLZO particles and the IL for transport in the composite sheet electrolyte, as
illustrated in Fig. 2.4(d), and a highly conductive layer (SEI layer) could be formed between the

Al-LLZO particles and the IL.

Additionally, according to the percolation theory [38], when the volume fraction of the particles
reaches about 70% (particle locking threshold), the solid-liquid system becomes totally locked, and
the liquid phase becomes discontinuous and unable to flow (the volume fracture of the IL is about
26% in the composite sheet electrolyte). Thus, the Li* must diffuse through the IL and the Al-LLZO
particles for migration. Though the high ionic conductivity of the composite sheet electrolyte could

be mainly attributed to the IL, the Al-LLZO particles act as an ionically conductive matrix to hold
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Fig. 2.4 Electrochemical evaluation of the flexible composite sheet electrolyte. (a) EIS spectrum
of the as-cast Al-LLZO green sheet at 60 °C (inset: equivalent circuit), (b) EIS spectrum of the IL-
impregnated composite Al-LLZO sheet electrolyte, (c) temperature dependence of the total ionic
conductivities of the IL, a 1200 °C-sintered Al-LLZO pellet (relative density: 95%), and the
flexible composite sheet electrolyte, (d) illustration of the Li-ion pathway in the flexible composite
sheet electrolyte, (e) EIS spectra of a composite LCO/composite Al-LLZO sheet/Li cell and an
LCO (without IL)/AI-LLZO pellet/Li cell at 60 °C, (f) cycling profile of the composite
LCO/composite Al-LLZO sheet/Li cell at 60 °C, (g) cycling profile of the composite
LCO/composite Al-LLZO sheet/Li cell at 30 °C, (h) SEM micrograph of the fracture surface of the

cycled flexible composite Al-LLZO sheet
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Table 2.1 Measured ionic conductivities 6 and activation energies Ea of the IL, the 1200 °C-sintered

Al-LLZO pellet, and the flexible composite sheet electrolyte

o (10*Scm?) 25 °C 40 °C 60 °C 80 °C Ea. (eV)
IL: Li(G4)FSI 16.79 33.09 65.44 109.56 0.31

Al-LLZO Pellet 4.41 7.70 13.88 21.84 0.26

Composite Sheet 0.71 0.95 1.90 2.82 0.24

The effect of the IL in reducing the interfacial resistance between the sheet electrolyte and the
LCO cathode was investigated. The total resistance of the two cells, i.e., composite LCO/composite
Al-LLZO sheet/Liand LCO (without IL)/Al-LLZO pellet/Li, were 400 Q and 8000 Q, respectively,
at 60 °C (Fig. 2.4(e)). It should be noted that the total resistance of the Li/AlI-LLZO pellet/Li
symmetric cell was only about tens to hundreds of ohms at 60 °C. Thus, the introduction of the IL
effectively reduced the cathode interfacial resistance. In addition, the LCO/AI-LLZO pellet/Li cell
could not be cycled, while the composite LCO/composite Al-LLZO sheet/Li cell could be
reversibly cycled and delivered an initial discharge capacity of 139 mAh g at 0.1 C and 60 °C
(Fig. 2.4(f)). The cell could also work at 30 °C and deliver a discharge capacity of around 110 mAh
gl at 0.1 (Fig. 2.4(g)). Though the discharge capacity decreased with cycling, these results
demonstrated the potential of the flexible composite Al-LLZO sheet electrolyte for use in Li metal
batteries. As shown in Fig. 2.4(h), Li dendrite was observed on the fracture surface of the cycled
flexible composite sheet electrolyte, indicating that the mechanical stiffness of the flexible sheet

electrolyte was inadequate to sustain the high-stress build-up during Li dendrite growth [39-40].
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The formation of electrically isolated Li dendrites and possible side reactions could be the main

reasons for the capacity fading. Further work needs to be done to elucidate the mechanism.

2.5 Conclusions

In summary, a 75 um-thick flexible composite Al-LLZO sheet electrolyte with an ionic
conductivity of close to 1.0 x 10* S cm™ at 25 °C was prepared by tape casting and IL-impregnation
at room temperature. The IL connected the Al-LLZO particles, forming an efficient Li-ion pathway,
effectively reducing the cathode interfacial resistance. There is still a large space to improve the
ionic conductivity of the flexible sheet electrolyte, e.g., impregnating the sheet electrolyte with
highly conductive ILs or casting it in Ar or a dry room. The synthesis is simple and suitable for
industrial production. The Li/Al-LLZO sheet/LCO cell could be reversibly cycled at both 30 °C
and 60 °C, demonstrating the potential of the flexible composite AI-LLZO sheet electrolyte for
developing practical Li metal batteries. However, the cyclability of the ceramic-based flexible sheet

electrolyte has to be improved first.
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Chapter 3 Effects of porosity and ionic liquid-impregnation on the ionic

conductivity of garnet-based flexible sheet electrolyte

3.1 Abstract

Although the garnet-type ceramic ionic conductor, LizLasZr,012 (LLZO), shows relatively high
stability against Li metal and can potentially replace flammable liquid electrolytes for Li metal
batteries, the large interfacial resistance between LLZO and electrodes challenges its practical
application. A possible solution is to produce a quasi-solid-state LLZO-based flexible sheet
electrolyte. Here we prepared an Al-doped LLZO-based flexible sheet electrolyte and studied its
ionic conductivity as functions of porosity and ionic liquid (IL) impregnation. Possible Li* ion
conducting pathways through the quasi-solid-state composite sheet electrolyte were discussed, and

its electrochemical performance was evaluated.

3.2 Introduction

With climate change becoming a pressing global issue, demand for clean and renewable energy
has increased significantly in recent years. Rechargeable Li batteries, one of the most efficient
energy storage systems to date, are promising in integrating renewable energy resources, such as
wind and solar energies, into the electric power grid for electricity supply [1]. As electric vehicles
(EVs) are quickly taking over the automobile industry, they are expected to considerably reduce
CO2 emission from the transport sector [2]. Consequently, EV batteries with improved safety and

higher energy density are highly desirable.

Since a Li metal anode has a very high theoretical specific capacity of 3860 mA h g (about 10
times higher than that of a graphite anode) and the lowest redox potential (-3.04 V vs. a standard

hydrogen electrode), it is widely regarded as the ultimate anode material for high-energy-density
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rechargeable Li batteries [3]. However, uncontrollable Li dendrite growth and other side reactions
between Li metal and common liquid electrolytes make its practical use as an anode material
impossible [4, 5]. In contrast, ceramic solid electrolytes, such as LLZO, can physically suppress
the initiation and propagation of Li dendrite to a large extent because of their relatively high elastic
and shear moduli [6-10]. Besides, LLZO is relatively stable in dry air, odorless, non-flammable,

and compatible with Li metal anodes.

Nevertheless, because of the intrinsically brittle nature of polycrystalline LLZO, it is difficult to
form good interfacial contacts between LLZO and electrode materials, which usually results in
high interfacial resistance, especially on the cathode side [11]. Considerable research effort has
been devoted to decreasing the high interfacial resistance in Li metal batteries with an LLZO solid
electrolyte [12-17]. For example, the interfacial resistance between LLZO and Li metal can be
effectively reduced by introducing a thin Au interlayer [18-19]. In contrast, much less effort has
been placed on reducing the cathode-side interfacial resistance. Although good interfacial bonding
between LLZO and some cathode materials, such as LiCoO2 (LCO), could be achieved by co-
sintering [20], Li loss and various side reactions are also likely to occur at high temperatures. A
few works have explored the potential of IL-impregnated composite cathodes, where the pre-
introduced IL can wet the cathode/solid electrolyte interface [21, 22]. LLZO particles can also be
incorporated into polyethylene oxides (PEOs) to form composite flexible sheet electrolytes,
forming good interfacial contact with the cathode [23, 24]. In our research, we have developed an
IL-containing LLZO-based flexible sheet electrolyte at room temperature through tape-casting [21].
It is worth noting that high-temperature sintering (e.g., at 1200 °C) for large-scale production of
LLZO membranes is very difficult, mainly due to the poor mechanical stability of LLZO

membranes.
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Here we studied the effect of porosity and IL impregnation on the ionic conductivity of an Al-
doped LLZO-based flexible sheet electrolyte. The ionic conductivity of the sheet electrolyte
increased with decreasing porosity before IL impregnation. However, the IL uptake of the sheet
electrolyte was proportional to its porosity, and the absorbed IL was found to play a dominant role
in determining the ionic conductivity of the sheet electrolyte after IL impregnation. The optimal
porosity for IL impregnation was about 30 vol%, and the quasi-solid-state sheet electrolyte showed
an ionic conductivity of 1.1 x 10* S cm™ at 25 °C. In addition, the electrochemical stability and

cycling performance of the quasi-solid-state composite sheet electrolyte were also evaluated.

3.3 Experiment
3.3.1 Tape-casting of flexible Al-doped LLZO sheet electrolyte

An Al-doped LLZO powder (D50 = 10 um, Daiichi Kigenso Kagaku Kogyo Co., Ltd., Japan)
and a polystyrene-type elastomeric binder (Chukyo Yushi Co., Ltd., Japan) (w:w = 20:1) were
mixed in toluene (Wako Pure Chemical Corp., Japan). The mixture was ball-mixed (ZrO> ball, 5
mm in diameter) with a planetary centrifugal vacuum mixer (ARV-310, Thinky, Japan) at 2000
rpm for 30 min. The obtained slurry was cast onto a polyethylene terephthalate (PET) substrate (75
pum in thickness) using a doctor blade. The thickness of the sheet could be easily controlled by
changing the gap between the moving doctor bade and the stationary PET substrate. In this study,

the thickness of the as-cast sheet electrolyte was controlled to be around 350 um.

3.3.2 Cold isostatic pressing

Circular samples were punched from the vacuum-dried sheet and were cold isostatically pressed
(CIP) at 100, 300, 500, 700, and 900 MPa for 5 min at room temperature. After Au coating (ionic
current: 3.5 mA,; sputtering time: 1 h for one side), the samples were immersed in a solvate IL for

8 h in an Ar atmosphere. The IL, Li(G4)FSI, was prepared by dissolving lithium
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bis(fluorosulfonyl)imide (LiFSI) in equimolar tetraglyme (G4). The absorbed IL content was

determined by weighing the sheet samples before and after IL impregnation.

3.3.3 Preparation of quasi-solid-state LCO cathode

An LCO powder, an acetylene black (AB), a polyvinylidene difluoride (PVDF) binder, and the
solvate IL (w:w:w = 92:4:4:18) were ball-mixed in N-methyl-2-pyrrolidone (NMP), and the slurry
was cast onto an Al foil (20 um thick). The composite cathode was dried at 80 °C in a vacuum for

8 h before use.

3.3.4 Materials characterization

The microstructure of the flexible sheet electrolyte was observed using a scanning electron
microscope (SEM, JSM-6490A). The thermal stability of the sheet electrolyte was studied using a
thermogravimetric analyser (TG, DTG-60 H, SHIMADZU, Japan) between 30 and 300 °C with a
heating rate of 5 °C min™. Interaction between the IL and Al-LLZO was analyzed with differential
scanning calorimetry (DSC, TA-60 WS, Shimadzu, Japan) from -80 to 80 °C with a scanning rate

of 2 °C mint.

3.3.5 Electrochemical characterization

AC electrochemical impedance spectroscopy (EIS, Biologic SP-300 Potentiostat, France) was
carried out to determine the ionic conductivity of the sheet electrolyte in the frequency range from
1 MHz to 1 Hz with a perturbation of 10 mV. The temperature range for the EIS measurement was
25 to 100 °C. The surface of the sheet electrolyte was coated with a thin gold layer as an ionically
blocking electrode for the EIS measurement. The electrochemical stability of the IL was evaluated
by linear sweep voltammetry (LSV) and cyclic voltammetry (CV) at 30 °C. The scan rates for LSV

and CV were 1 mV s Li/AI-LLZO/Li symmetric cells were galvanostatically cycled with a
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current density of up to 0.5 mA cm™. To reduce the anode-side interfacial resistance, the surface
of the sheet electrolyte was coated with a thin Au layer, which would alloy with Li metal at heating.
Quasi-solid-state LCO/AI-LLZO sheet/Li cells were galvanostatically cycled at both 30 and 60 °C

in the voltage range of 2.5-4.2 V.

3.4 Results and discussions

3.4.1 Optical image of tape-cast Al-LLZO sheet electrolyte

Fig. 3.1(a) shows an optical image of the tape-cast Al-LLZO sheet electrolyte on a PET substrate.
After drying, the AlI-LLZO sheet with a thickness of 350 um could be easily peeled off from the
PET substrate and was self-standing (Fig. 3.1(b)). Although the Al-LLZO content in the dry sheet
was as high as 95 wt%, the sheet could be folded and twisted without breaking, demonstrating good
flexibility and mechanical stability (Fig. 3.1(c)). Cross-sectional SEM micrographs revealed the
porous structure of the tape-cast sheet electrolyte (Fig. 3.1(d)). Nano-sized pores were observed
among primary Al-LLZO particles, while micro-sized pores were observed among secondary Al-

LLZO particles. The porosity of the sheet after drying was estimated to be 50%.
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Fig. 3.1 Optical and SEM images of the flexible AI-LLZO sheet electrolyte. (a) Tape-casting of
the AI-LLZO sheet on a 75 um-thick PET substrate, (b) Self-standing Al-LLZO sheet after peeling
off the PET substrate, (c) Dry sheet with a thickness of 350 um shows good flexibility, (d) Fractured
cross-section of the sheet electrolyte. The inset shows a cross-section of the sheet cut by focused

ion beam (FIB).

3.4.2 SEM micrographs of as-dried and cold-pressed Al-LLZO sheets

Fractured cross-sectional SEM images of the as-dried and isostatically cold-pressed Al-LLZO
sheet electrolytes are shown in Fig. 3.2. The sheet thickness decreased from 343 to 253 um (Figs.
3.2(a) and (c)) when pressed at 100 MPa. The sheet porosity was reduced from 50% to 32%
accordingly (Figs. 3.2(b) and (d)). The sheet thickness and porosity were further decreased to 230

um and 25%, respectively, when pressed at 300 MPa (Figs. 3.2(e) and (f)). With the pressure
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increasing to 500 MPa, the sheet porosity decreased to 19% (Figs. 3.2(g) and (h)). However, the
porosity only slightly decreased from 15% to 13% when the pressure increased from 700 to 900
MPa (Figs. 3.2(i)-(I)), indicating that particle rearrangement and consolidation through plastic

deformation were almost completed when pressed at 700 MPa.

Fig. 3.2 SEM cross-sectional micrographs of as-dried and cold-pressed Al-LLZO sheets. (a) and

(b) as-dried sheet, 343 um thick, (c) and (d) 100 MP cold-pressed sheet, 253 um thick, (e) and (f)
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300 MP cold-pressed sheet, 230 um thick, (g) and (h) 500 MP cold-pressed sheet, 212 pum thick,
(i) and (j) 700 MP cold-pressed sheet, 202 um thick, (k) and (I) 900 MP cold-pressed sheet, 198

um thick. The pressure holding time was 5 min for all cases.
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Fig. 3.3 EIS measurement of the sheet electrolyte at 25 °C before and after IL impregnation. (a)
Impedance evolution of the as-dried sheet electrolyte as a function of cold-pressing pressure
(before IL impregnation), (b) Impedance evolution of the IL-impregnated sheet electrolyte as a

function of cold-pressing pressure.

3.4.3 EIS measurement of the sheet electrolyte

As shown in Fig. 3.3, (a), the overall impedance Roveran Of the sheet electrolyte decreased
drastically from 1.3 x 108 Q cm? when pressed at 100 MPa to 1.8 x 107 Q cm? when pressed at 900
MPa. However, the ionic conductivity of the sheet electrolyte could only reach 1.2 x 10° S cm™ at
25 °C even when pressed at 900 MPa. Cold-pressed sheets were immersed in the solvate Li(G4)FSI
IL to improve the ionic conductivity. Since IL uptake by the sheet was proportional to the sheet
porosity, the IL uptake was expected to decrease with increasing pressure. The impedance
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evolution of the IL-impregnated sheet electrolyte as a function of cold-pressing pressure is depicted
in Fig. 3.3(b). On the other hand, the Roveran Of the cold-pressed and IL-impregnated sheet
electrolyte decreased from 803 to 198 Q cm? when the cold-pressing pressure decreased from 900
to 100 MPa. Accordingly, the ionic conductivity of the cold-pressed and IL-impregnated sheet
electrolyte increased from 2.7 x 10°to 1.1 x 10* S cm™ at 25 °C. When no pressure was applied,
the impedance of the quasi-solid-state sheet was only 81 Q cm?, corresponding to an ionic
conductivity of 2.6 x 10* S cm™ at 25 °C, which was comparable to that of high-temperature
sintered Al-LLZO pellets [25, 26]. Given that the room temperature ionic conductivity of the cold-
pressed sheet electrolyte was only 1.2 x 10° S cm?, the IL likely played a dominant role in

determining the ionic conductivity of the quasi-solid-state composite sheet electrolyte.

3.4.4 lonic conductivity of the 100 MPa cold-pressed and IL-impregnated sheet electrolyte
After IL impregnation, the IL content in the 100 MPa cold-pressed sheet was 14.6 wt%,
corresponding to 32 vol%. Based on percolation theory [27], a solid-liquid system would become
locked when the liquid was less than 30 vol%. This is because the liquid became discontinuous and
was unable to flow. Fig. 3.4 shows the temperature dependence of the total ionic conductivity of
the 100 MPa pressed and IL-impregnated sheet electrolyte. The ionic conductivity ¢ was

determined using the following equation (Eg. (3.1)):

o=— (3.1)

where L is the sheet thickness, and A is the active electrode area. The ionic conductivity increased
from 1.1 x 10* S cm™at 25 °C to 6.5 x 10* S cm™ at 85 °C. The temperature dependence of the

ionic conductivity was fitted with the Arrhenius equation (Eq. (3.2))

o(T )= oy ep[—E, /(RT)] (3.2)
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where o Is the ionic conductivity, oo is the pre-exponential factor (a constant with the same unit as
o), T is the absolute temperature, Ea is the activation energy, and R is the universal gas constant.
The activation energy was estimated to be 0.27 eV, slightly higher than that of AI-LLZO, 0.26 eV,
but lower than that of the IL, 0.31 eV [21]. The activation energy of the quasi-solid-state sheet

electrolyte was expected to vary with the absorbed IL content.
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Fig. 3.4 Temperature dependence of the ionic conductivity of the 100 MPa cold-pressed and IL-
impregnated quasi-solid-state sheet electrolyte. (a) Impedance evolution of the quasi-solid-state

sheet electrolyte as a function of temperature, (b) Arrhenius conductivity.

3.4.5 Thermal stability of the 100 MPa cold-pressed and IL-impregnated sheet electrolyte
TGA measurement was performed in dry air and N2 in the temperature range of 30 to 300 °C to
study the thermal stability of the 100 MPa cold-pressed and IL-impregnated quasi-solid-state sheet
electrolyte (Fig. 3.5(a)). The weight loss of the sheet was less than 1% up to 110 °C, most likely
due to the evaporation of residual toluene, adsorbed water, and the impregnated solvate IL.

However, a sharp weight loss was observed when the temperature was greater than 150 °C,
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indicating the thermal decomposition of the IL. In addition, the quasi-solid-state sheet electrolyte
showed slightly higher thermal stability in N2 than in dry air. DSC analysis of the quasi-solid-state
sheet electrolyte is shown in Fig. 3.5(b). The endothermic peak of the IL at 29.5 °C was associated
with the melting of the IL. The melting point shifted slightly to a higher temperature with the
presence of Al-LLZO, indicating an interaction between the IL and Al-LLZO, likely a Li* exchange

reaction [28].
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Fig. 3.5 Thermal stability of the 100 MPa cold-pressed and IL-impregnated quasi-solid-state sheet

electrolyte. (a) TGA spectra of the electrolyte in dry air and N2 from 30 to 300 °C, (b) DSC analysis.
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3.4.6 Electrochemical stability analysis of the Li(G4)FSI solvate IL

The electrochemical stability of the Li(G4)FSI solvate IL was studied by linear sweep
voltammetry and cyclic voltammetry (Fig. 3.6). An Au foil was used as the working electrode
(WE), and a Li foil was used as the counter electrode (CE) as well as the reference electrode (RE).
The IL showed good anodic stability of up to 4.5 V vs. Li/Li* because the anodic current density
was negligible (less than 0.025 mA cm) at potentials below 4.5 V vs. Li/Li* (Fig. 3.6(a)). The
drastic increase of the anodic current density at potentials above 5.0 V vs. Li/Li* could be attributed
to the strong oxidation of the solvate IL. More specific information was provided by CV analysis.
As shown in Fig. 3.6(b), no noticeable redox peaks were observed in the potential range of 2.8 V
to 4.8 \VV vs. Li/Li", indicating that the IL had a relatively wide electrochemical window. However,
broad redox peaks were observed in CV profiles when an Al foil was used as the WE (Fig. 3.1S),

possibly related to the corrosion of the Al current collector in the solvate IL.
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Fig. 3.6 Electrochemical stability analysis of the Li(G4)FSI solvate IL. (a) Linear sweep

voltammogram of Li(G4)FSI. (b) Cyclic voltammogram of Li(G4)FSI. The scan rates for LSV and
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CV were 1 mV s, An Au foil was used as the WE, and Li was used as the CE and the RE. A highly

porous polyimide film (P1) was used as the separator.

3.4.7 Critical current density and possible Li* ion pathways in the sheet electrolyte

The relationship between the applied potential across the Li/Al-LLZO sheet/Li symmetric cell
and the current density obtained at a steady state is plotted in Fig. 3.7(a). The 100 MPa cold-pressed
and IL-impregnated quasi-solid-state sheet electrolyte showed good stability at current densities
up to 250 pA cmat 60 °C. Short-circuiting occurred at 300 pA cm?, likely due to Li dendrite
growth as observed in Li/LLZO pellet/Li symmetric cells [29-31]. However, the critical current
density of the quasi-solid-state sheet electrolyte was lower than that of dense Al-LLZO pellets. One
explanation was that high-temperature sintered Al-LLZO pellets had higher elastic moduli than the
quasi-solid-state flexible sheet electrolyte. Possible Li* ion conducting pathways through the quasi-
solid-state sheet electrolyte are illustrated in Fig. 3.7(b). Since the IL was discontinuous in the sheet
electrolyte as its volume fraction was less than the particle locking threshold of 30% according to
percolation theory, both the Al-LLZO particles and the IL were supposed to participate in the
conduction of Li* through the sheet electrolyte (pathway 1). The proposed Li* pathway was also
evidenced by the activation energy of the sheet electrolyte. However, considering that the volume
fraction of the IL was slightly over 30%, Li* ions could also migrate through the IL directly to

some extent (pathway I1).
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Li-ion Pathway
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Fig. 3.7 Critical current density and possible Li* ion pathways of the 100 MPa cold-pressed and
IL-impregnated quasi-solid-state sheet electrolyte. (a) Charge and discharge profile of a Li/quasi-

solid-state Al-LLZO sheet/Li symmetric cell at 60 °C, (b) Proposed Li* ion pathways.

3.4.8 Cycling performance of the quasi-solid-state sheet electrolyte

Cycling tests of the quasi-solid-state LCO/ Al-LLZO sheet/ Li cells at both 30 and 60 °C are
shown in Fig. 3.8. The cell delivered an initial discharge capacity of 126 mA h g* at 30 °C (Fig.
3.8(a)). However, noticeable capacity fading was observed after a few cycles. On the other hand,
the initial discharge capacity was 117 mA h g at 60 °C, and the capacity decayed faster than that
at 30 °C (Fig. 3.8(b)). The instability of the solvate IL was believed to be one of the main reasons
for the capacity degradation. As illustrated in Fig. 3.8 (c), interactions between nanoporous carbon
black and the solvate IL, such as nanoconfinement effects [32-33], may lead to dissociation or

desolvation of the ionic pairs of Li(G4)FSI. In addition, possible side reactions between LLZO and
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the IL could also be responsible for the decay of the Li metal cell. Thus, searching for a suitable IL

is essential for developing the quasi-solid-state LLZO-based composite flexible sheet electrolyte.
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Fig. 3.8 Cycling performance of a quasi-solid-state Li/LLZO sheet/LCO cell and possible
mechanisms for the cell capacity decay. (a) Galvanostatic cycling (0.1 C) at 30 °C, (b)

Galvanostatic cycling (0.1 C) at 60 °C, and (c) Proposed failure modes of the solvate IL.

3.5 Conclusions

The effects of porosity and IL-impregnation on the ionic conductivity of a room-temperature
synthesized Al-LLZO-based flexible sheet electrolyte were investigated. The ionic conductivity
increased with decreasing porosity but could only reach 1.2 x 10° S cm™ at 25 °C through cold
pressing. On the other hand, IL uptake by the flexible sheet electrolyte was proportional to its
porosity, and the optimal porosity was about 30%, according to percolation theory. Both the Al-
LLZO particles and the IL were supposed to participate in the conduction of Li* ions in the IL-
impregnated sheet electrolyte, and the quasi-solid-state flexible sheet electrolyte showed an
improved ionic conductivity of 1.1 x 10* S cm™at 25 °C. The IL appeared to play a dominant role
in determining the ionic conductivity of the quasi-solid-state sheet electrolyte. However, the
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discharge capacity of the quasi-solid-state Li/LLZO sheet/LCO cell degraded rapidly with cycling.
One main reason was likely related to the dissociation or desolvation of the Li(G4)FSI solvate IL.
Thus, identifying a suitable IL is critical for developing the LLZO-based quasi-solid-state flexible

sheet electrolyte.
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Chapter 4

Chapter 4 Preparation of garnet-based flexible separator

4.1 Abstract

A separator between a battery’s anode and cathode is crucial to isolate the electrodes and prevent
an electrical short circuit. Separators in Li-ion batteries are generally made of polyolefins, such as
polyethylene (PE) and polypropylene (PP). However, the relatively low thermal stability and
mechanical strength of polyolefin-based separators have raised safety concerns, especially when
overheating occurs. Ceramic coatings, for instance, Al.Oz and ZrO, have been applied to improve
the thermal and mechanical properties of polyolefin separators. Here we developed Al.Oz and
LizLaszZr,012 (LLZO)-based polymer-in-ceramic membranes and studied their porosity, thermal
stability, electrolyte wettability, and ionic conductivity as Li-ion battery separators. In particular,
the polymer-in-LLZO separator showed higher thermal stability, higher ionic conductivity, and
better wettability with the 1 M LiPFe/EC: DEC (1:1) electrolyte than the commercial PP separator
Celgard 2400. The performance of the polymer-in-LLZO separator was also evaluated in an

NCMB811|Li cell with the 1 M LiPF¢/EC: DEC (1:1) electrolyte.

4.2 Introduction

Li-ion batteries are ubiquitous today, powering various electronic systems, from consumer
electronics to electric vehicles (EVs). As EVs quickly take over the automobile industry, EV
batteries with higher energy density and improved safety are highly desired [1]. A separator is
essential in a Li-ion battery, preventing physical contact between the positive and negative
electrodes while allowing fast Li-ion transport. Polyolefin-based membranes dominate the
separator market of Li-ion batteries because polyolefin-based membranes can be very thin (20-25

pum), mechanically robust, porous, wettable with liquid electrolytes, and cost-effective [2-4].
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Nevertheless, they also have some disadvantages, such as low thermal stability and porosity (about
40%) [5]. Thermal shrinkage of polyolefin-based separators can potentially lead to thermal
runaway and explosion of Li-ion batteries. Thus, separators with improved thermal stability are
highly desired to improve battery safety.

Ceramic coatings, such as Al.O3 and ZrO2, have been used to increase the thermal stability of
polyolefin-based separators [6, 7]. Nonetheless, the ceramic coatings will increase the thickness of
the separator and block the pores, inevitably decreasing the separator’s ionic conductivity. LLZO-
in-polymer flexible solid electrolytes (separators) have recently attracted attention and
demonstrated good electrochemical performances [8, 9]. The garnet-type fast Li-ion conducting
LLZO with a cubic crystal structure (space group la-3d) was first discovered in 2007 [10]. It has a
high ionic conductivity of about 10 S cm™ at room temperature and is relatively stable against
reaction with molten Li. As a result, LLZO is widely regarded as one of the most promising solid
electrolytes for all-solid-state Li metal batteries [11, 12]. However, LLZO does not form good
contact with electrodes because of its high elastic modulus [13], which results in high interfacial
resistance. Alternatively, LLZO particles have been used as ceramic fillers in polymer-based
composite electrolytes to improve the low conductivities and poor mechanical properties of
polymer electrolytes, such as polyethylene oxide (PEO) [9, 14]. In this situation, porosity is
undesirable for the LLZO-in-polymer solid electrolyte because it is detrimental to ionic
conductivity. On the other hand, high porosity is favorable for the LLZO-in-polymer separator used
in combination with liquid electrolytes because a highly porous structure can facilitate the
infiltration of the liquid electrolyte.

Besides thickness and ionic conductivity, wettability is another important characteristic of Li-

ion battery separators because electrolyte absorption is essential for Li* transport. Meanwhile, a
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highly porous structure will improve wettability and electrolyte uptake [15]. Recent literature on
Li-ion battery separators is focused on applying nano-particle additives and surface coatings to
improve their electrolyte wettability, mechanical strength, and thermal stability [16]. Here we
developed polymer-in-Al203 and polymer-in-LLZO flexible thin films through tape casting at
room temperature and studied their porosity, thermal stability, electrolyte wettability, and ionic
conductivity. Although tape-cast polymer-in-Al.Os flexible films have been reported previously,
they are usually several hundred microns thick [17, 18].

In contrast, the polymer-in-Al>Oz film we developed here was only about 25 um thick. Moreover,
replacing the ionically insulating Al.Oz with the fast-ion-conducting LLZO is expected to improve
the separator’s ionic conductivity. So far, almost no research has been reported on the tape casting
of polymer-in-LLZO flexible thin films at room temperature [19, 20]. Finally, the electrochemical
performance of the polymer-in-ceramic films as separators was evaluated in an NCM811|Li cell

with a 1 M LiPFe/EC: DEC (1:1) electrolyte, and the cell failure mechanism was also discussed.

4.3 Material and methods

4.3.1 Casting of polymer-in-ceramic thin films

An o-Al2O3 powder (average particle size: 10 um, Admatechs Co., Ltd., Japan) and an
elastomeric binder (Chukyo Yushi Co., Ltd., Japan) were mixed in toluene (99.0%, Wako Pure
Chemical Corp., Japan). The mass ratio between the toluene and the alumina powder was 3:8. The
mixture was ball-mixed (ZrO2 balls with a diameter of 5 mm) using a planetary centrifugal vacuum
mixer (ARV-310, Thinky, Japan) at 2000 rpm for 30 min. The formed Al,Oz slurry was cast onto
a polyethylene terephthalate (PET) substrate. The PET substrate was 75 um thick with good

flexibility and mechanical robustness. The thickness of the as-cast polymer-in-Al>Oz film could be
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easily controlled by changing the gap between the moving doctor blade and the stationary PET
substrate. The as-cast Al,Os film was vacuum-dried at 25 °C for 12 h, and the mass ratio between
the polymer binder and the ceramic powder was 3:20. The polymer-in-LLZO film was prepared
similarly. However, the viscosity of the LLZO slurry was much higher than that of the Al>Ozslurry,
making it relatively difficult to prepare films as thin as 25 um. The D50 value of the LLZO (Daiichi

Kigenso Kagaku Kogyo Co., Ltd., Japan) particle size distribution was about 10 pm.

4.3.2 Materials characterization

The microstructure of the polymer-in-ceramic films was observed using a scanning electron
microscope (SEM, JSM-6490A, JEOL, Japan). Cross-sections were prepared with focused ion
beam milling (FIB) (FIB-SEM, SMF2000, Hitachi High-Tech Science, Japan). The thermal
stability was studied by thermogravimetric analysis (TGA, DTG-60 H, Shimadzu, Japan) between
30 and 500 °C with a heating rate of 5 °C min™’. The polymer-in-ceramic films were also subjected
to a burning test with an alcohol lamp. The electrolyte contact angle was measured using a digital
microscope (Sato Shoji INC. Japan). The theoretical density of the film was calculated based on
the mixture rule. In contrast, the real density was determined by the ratio between the mass and

dimension of the film. The porosity was the ratio of the real density to the theoretical density.

4.3.3 Electrochemical measurement

The polymer-in-ceramic films were soaked in 1 M LiPF¢/EC: DEC (1:1) electrolyte for 2 hiin a
vacuum for electrolyte impregnation. AC electrochemical impedance spectroscopy (EIS) was
conducted between 1 MHz to 0.1 Hz with a perturbation of 20 mV on a potentiostat (Biologic SP-
300, France). Both sides of the polymer-in-ceramic films were sputtered with a thin Au layer for

the EIS measurement before liquid electrolyte impregnation. The ionic current was 3.5 mA, and
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the sputtering time was 1 h for each side. The electrochemical performance of the polymer-in-
LLZO separator was evaluated in an NCM811|Li cell with a 1 M LiPFe/EC: DEC (1:1) electrolyte
and was compared with that of a PP separator, Celgard 2400. Galvanostatic cycling was carried
out between 2.5 and 4.2 V. The NCMS811 cathode slurry was prepared by mixing an NCM811
powder (Beijing Easpring Material Technology Co., Ltd, China), acetylene black (AB), and
polyvinylidene difluoride (PVDF) (w:w:w=92:4:4) in N-methyl-2-pyrrolidone (NMP). The slurry
was then cast onto an Al foil (20 pwm thick) to prepare the cathode layer. The NCMS811 cathode
layer was dried at 80 °C in a vacuum oven for 8 h before coin cell assembly (CR2032), and the
active material loading was about 5.0 mg cm™. A Li@Cu foil (Li layer thickness: 20 um, Honjo

Metal Co., Ltd., Osaka, Japan) was used as the anode.

4.4 Results and discussions
4.4.1 Tape casting of flexible polymer-in-ceramic thin films

The polymer-in-ceramic thin films were tape cast using a doctor blade in an ambient
environment, as shown in Fig. 4.1(a). After vacuum-drying at room temperature, they could be
easily stripped off the PET substrate, showing good mechanical stability (Fig. 4.1(b)). In addition,
the as-dried films were self-standing and could be folded and twisted without breaking,
demonstrating high flexibility, although the Al>Os or LLZO content in the polymer-in-ceramic
films was as high as 87.0 wt% (Figs. 4.1(c) and (d)). The room-temperature synthesis of the flexible
polymer-in-ceramic thin films was simple and suitable for industrial production. Although the
Al;03 and LLZO powders were similar in particle size and were processed using the same
parameters, the LLZO slurry was more viscous than the Al>Oz slurry and was difficult to form
films as thin as 25 pum (although possible). The difference in the slurry viscosity could be attributed

to the difference in particle morphology. The Al>Oz particles were spheres, while the LLZO
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secondary particles were irregular in shape and very porous (Figs. 4.1 (e) and (f)). In addition, the
surface chemistry of the two powders was very different, which would also affect the slurry
viscosity. Additionally, the elastomeric binder showed a higher affinity to the Al>Os3 particles than
to the LLZO particles, rendering the Al2Os film with higher mechanical properties and less porous
than the LLZO film. As a result, the LLZO film was prepared with a thickness of 75 um,
considering the castability of the LLZO slurry and the mechanical robustness of the as-cast LLZO

film.

ML T
Alumina sheet TR TN

m

N

Alumina sheet LLZO sheet |

Fig. 4.1 Optical images of polymer-in-ceramic (Al2O3 or LLZO) thin films. (a) and (b) Al>O3 and

LLZO starting powders used for the film casting, (c) An as-cast film in an ambient environment,
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(d) An as-dried film that could be stripped off from the PET substrate demonstrating good
mechanical stability, (e) and (f) As-dried polymer-in-Al,Oz and polymer-in-LLZO films,
demonstrating good flexibility. The Al,Oz-based film is about 25 um in thickness, and the LLZO-

based film is about 75 um.

4.4.2 SEM micrographs of the polymer-in-ceramic thin films

SEM micrographs of the as-dried polymer-in-ceramic thin films are shown in Fig. 4.2. The
Al>Oz-based film was about 20 to 26 um thick (Fig. 4.2(a)), and shallow pores on the surface were
observed (Fig. 4.2(b)). The elastomeric binder firmly bonded the Al>Os particles, and the pores
inside the film were isolated when viewed from the cross-section milled by FIB (Fig 4.2. (c)). The
porosity of polymer-in-Al>Os thin film was estimated to be around 24.4%, unsuitable for use as a
separator for Li-ion batteries. On the other hand, the polymer-in-LLZO film was more porous (Figs.
4.2 (d), (e), and (f)), and the internal pores were interconnected (Fig. 4.2(f)). The porosity of the
polymer-in-LLZO film was estimated to be 50%, even higher than that of Celgard 2400 (about

40%) [2].
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Fig. 4.2 SEM micrographs of the as-dried polymer-in-ceramic thin films. (a) Cross-section of the
polymer-in-Al>Os film, (b) Surface of the polymer-in-Al>Os film, (c) Cross-section of the polymer-
in-Al,03 film milled by FIB, (d) Cross-section of the polymer-in-LLZO film, (e) Surface of the

polymer-in-LLZO film, (f) Cross-section of the polymer-in-LLZO film milled by FIB.

4.4.3 Thermal stability of the polymer-in-ceramic thin films

TGA measurement was performed in dry air to study the thermal stability of the polymer-in-
ceramic thin films. (Fig. 4.3). Celgard 2400 was used as a reference for comparison, whose thermal
degradation roughly started from 240 °C (Fig. 4.3(a)). The sharp weight loss of Celgard 2400 could

be attributed to the depolymerization of polypropylene. Similarly, the polymer-in-Al.Oz film began
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to degrade thermally around 238 °C but more benignly (Fig. 4.3(b)). However, the onset
temperature of thermal degradation for the polymer-in-LLZO film was 325 °C (Fig. 4.3(c)),
indicating that the polymer-in-LLZO film had higher thermal stability than both Celgard 2400 and
the polymer-in-Al2Os film. The volume fraction of the ceramic particles was larger in the LLZO
film than in the Al2Os film. In addition, the LLZO film was more porous than the Al>Oz film. Thus,
the thermal decomposition behavior (such as the onset temperature and degradation rate) was likely
affected by both the ceramic particle's volume fraction and the film's porosity. The mass loss was
only about 10% for both the polymer-in-ceramic films when heated to 400 °C. On the other hand,
the Celgard 2400 separator was almost completely vaporized. As shown in Figs. 4.3(d)-(f), the
flame propagation of the polymer-in-ceramic films was less pronounced than that of Celgard 2400
when subjected to alcohol flame. Moreover, the polymer-in-ceramic films maintained structural
integrity after combustion because of the ceramic skeletons (Figs. 4.3 (g)-(i)), enabling them to
suppress thermal runaway propagation in the case of fire. In contrast, the Gelgard 2400 separator

was burnt into ashes after 3 s.
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Figure. 4.3 Thermal stability and flammability tests of Celgard 2400 and the polymer-in-ceramic
thin films in air. (a), (d) and (g) Celgard 2400, (b), (e) and (h) polymer-in-Al>Os film, (c), (f) and

(i) polymer-in-LLZO film.

4.4.4 Wettability of the polymer-in-ceramic thin films

Wettability is an important parameter of separators. Thus, for comparison, electrolyte contact
angle measurements were carried out on the polymer-in-ceramic thin films and Celgard 2400. The
electrolyte contact angle of Celgard 2400 was about 43.3° (Fig. 4.4(a)), while that of the polymer-
in-Al>03 thin film was about 38.4° (Fig. 4.4(b)). In the case of the polymer-in-LLZO film, the

electrolyte contact angle was only 19.6° (Fig. 4.4(c)), much smaller than that of Celgard 2400,
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implying that the polymer-in-LLZO film had better wettability with the electrolyte than Celgard
2400. Moreover, the electrolyte was spread over the polymer-in-LLZO film’s surface after 5 s.
Since the polymer-in-LLZO film was prepared in ambient conditions, carbonate contamination on

LLZO was unavoidable [21, 22], which was supposed to decrease the electrolyte wettability of the

polymer-in-LLZO separator.

A1203 Sheet LLZO Sheet

Celgard 2400 § B

Fig. 4.4 Electrolyte (1 M LiPFe¢/EC: DEC (1:1)) contact angle measurements of Celgard 2400 and

the polymer-in-ceramic thin films (Temperature: 20 °C. Volume of the electrolyte droplet: 1 uL).
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Fig. 4.5 EIS of the polymer-in-ceramic thin films. (a) EIS spectra of the as-cast LLZO-based film

and the liquid electrolyte-impregnated Al>Os-based film at 60 °C, (b) EIS spectra of the liquid
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electrolyte-impregnated LLZO-based film (75 um thick) and the Celgard 2400 separator (25 pm)
at 30 and 60 °C, (c) EIS of spectra shown in (b) at high-frequency regions
4.4.5 lonic conductivity of the polymer-in-ceramic thin films

The ionic conductivity o of the polymer-in-ceramic thin films is calculated using the following

equation (Eq. (4.1)),

o=— 4.1)

where L is the thickness of the film, R is the resistance, and A the active electrode area. The as-
cast LLZO-based film almost behaved like a parallel combination of a capacitor and a resistor (Fig.
5(a)) [23]. Its ionic conductivity at 60 °C was estimated to be 2.0 x 10° S cm™. The Al,Os-based
film showed similar behavior, and its ionic conductivity at 60 °C was only about 2.1 x 10"%° S cm
! even when impregnated with the 1 M LiPF¢/EC: DEC (1:1) liquid electrolyte. Thus, the liquid
electrolyte uptake of the Al>Os-based film was negligible. On the contrary, the ionic conductivity
of the LLZO-based film drastically increased when impregnated with the 1 M LiPFs/EC: DEC (1:1)
electrolyte and reached about 2.8 x 103 S cm™ at 30 °C and 4.2 x 103 S cm™ at 60 °C (Figs. 5.5(b)
and (c)). In contrast, the ionic conductivity of the 1 M LiPFe¢/EC: DEC (1:1)-impregnated Celgard
2400 separator was only 0.77 x 103 S cm™ at 30 °C and 1.0 x 10® S cm™ at 60 °C (Fig. 5.5(c)),
much lower than that of the liquid electrolyte-impregnated LLZO-based film. This was likely
because the LLZO film had a more porous structure than the Celgard 2400 separator. Besides, the

LLZO skeleton could also contribute to the high ionic conductivity.
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4.4.6 Electrochemical performance of the polymer-in-LLZO separator

Fig. 4.6 (a) shows the galvanostatic cycling profile of an Li|Celgard 2400|NCM811cell with a 1
M LiPFe/EC: DEC (1:1) electrolyte. The discharge capacity decreased gradually with cycling, as
evidenced by the increased cell resistance with cycling (Fig. 4.6(b)). The increased resistance was
likely due to the solid electrolyte interphase (SEI) growth on the Li metal anode, which was related
to the continuous decomposition of the electrolyte. Meanwhile, the cathode electrolyte interphase
(CEI) grown on the NCM811 cathode would also increase cell resistance [24]. The initial
Coulombic efficiency (ICE) of the Li|Celgard 2400|NCM811cell was 88.2%, while the Coulombic
efficiency (CE) was stabilized at about 99.5 % since the second cycle (Fig. 4.6(c)). In contrast, the
discharge capacity of the Lijpolymer-in-LLZO|NCM811cell with a 1 M LiPFe/EC: DEC (1:1)
electrolyte decreased relatively rapidly with cycling (Fig. 4.6(d)). The EIS spectra showed that the
cell resistance increased significantly with cycling (Fig. 4.6(e)). It was likely due to the reaction
between LLZO and the liquid electrolyte, leading to the formation of Li>COs, Li2O, LiF, etc., and
increasing electrochemical charge transfer resistance significantly [25, 26]. Although the ICE of
the Lijpolymer-in-LLZO|NCM811cell was 88.9% (Fig. 4.6(f)), the average CE was much lower

than that of the Li|Celgard 2400[NCM811cell.
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Fig. 4.6 Electrochemical performance of the polymer-in-LLZO separator at 30 °C. (a)
Galvanostatic cycling profile of the Li|Celgard 2400[]NCM811cell witha 1 M LiPFe¢/EC: DEC (1:1)
electrolyte. The C-rate is 0.1 C, and the temperature is 30 °C, (b) EIS spectra of the Li|Celgard
2400[NCM811cell, (c) Capacity retention and Coulombic efficiency of the Li|Celgard
2400[NCM811cell, (d) Galvanostatic cycling (0.1 C) profile of the Lilpolymer-in-
LLZOINCM811cell with the 1 M LiPFe/EC: DEC (1:1) electrolyte, (e) EIS spectra of the
Lijpolymer-in-LLZO|NCM811cell, (f) Capacity retention and Coulombic efficiency of the

Li|polymer-in-LLZO|NCM811cell.
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4.5 Conclusions

A polymer-in-LLZO thin-film separator was prepared by tape casting at room temperature. The
thickness and porosity of the polymer-in-LLZO separator were about 75 um and 50%, respectively.
It showed better wettability with the commercial liquid electrolyte of 1 M LiPFe/EC: DEC (1:1),
higher thermal stability, and higher ionic conductivity than the PP separator Celgard 2400.
However, its electrochemical performance in the NCM811|Li cell was not as good as Celgard 2400.
The main reason was likely due to the reaction between LLZO and the 1 M LiPF¢/EC: DEC (1:1)
electrolyte.

Further development is needed to improve the stability of the polymer-in-LLZO separator
against commercial liquid electrolytes. Meanwhile, a 25 pm-think polymer-in-Al2Os film was
prepared similarly. However, its porosity was only about 24%, and the pores were isolated, making
it more suitable as a good flexible electrical insulator for electronics rather than a separator for Li-

ion batteries.
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Chapter 5 Preparation of quasi-solid-state composite cathode

5.1 Abstract

Although ceramic solid electrolytes, such as LisLa3Zr,O12 (LLZO), are promising candidates to
replace conventional liquid electrolytes for developing safe and high-energy-density solid-state Li-
metal batteries, the large interfacial resistance between cathodes and ceramic solid electrolytes
severely limits their practical application. Here we developed an ionic liquid (IL)-containing while
non-fluidic quasi-solid-state LiCoO; (LCO) composite cathode, which can maintain good contact
with an Al-doped LLZO (AI-LLZO) ceramic electrolyte. The interfacial resistance between LCO
and Al-LLZO has significantly decreased accordingly. Quasi-solid-state Li/Al-LLZO/LCO cells
demonstrated relatively high-capacity retention of about 80% after 100 cycles at 60 °C. The
capacity decay was mainly due to the instability of the IL. Nevertheless, IL therapy offers a simple
and practical approach to addressing the interfacial resistance issue in ceramic-based solid-state Li
batteries. Identifying a suitable IL is critical for developing quasi-solid-state Li-metal batteries with

a ceramic solid electrolyte.

5.2 Introduction

Owing to the unmatched energy density, rechargeable Li-ion batteries have dominated the
portable electronics market for three decades since their first commercialization by Sony in 1991
[1]. However, the emerging electric vehicle (EV) industry is concerned with maximizing the
driving range and improving vehicle safety [2-3]. Advanced batteries are critical for EVs and
essential in integrating renewable energy resources, such as wind and solar energies, into the
electric power grid to supplement the growing energy demand worldwide. Since a Li metal anode
has an ultrahigh theoretical specific capacity of 3860 mA h g™! (about 10 times higher than that of

a graphite anode) and the most negative redox potential of -3.04 V vs. standard hydrogen electrode
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(SHE), Li-metal batteries have regained tremendous research interest recently as promising next-
generation energy storage devices [4].

However, the practical use of Li metal anode is challenging because of uncontrollable Li dendrite
growth and severe side reactions between Li metal and conventional liquid electrolytes. Li metal
was first reported to be used as an anode material in the TiS>-Li rechargeable battery in 1976 by
Stanley Whittingham but was abandoned after that due to severe Li dendrite growth [5], which not
only caused rapid capacity decay but also posed an explosion hazard. Unlike liquid electrolytes,
solid electrolytes have the potential to physically suppress the initiation and propagation of Li
dendrite growth because they have relatively high elastic and shear moduli [6-8]. Though many
solid electrolytes exhibit fast-ion conductivity (e.g., 10 S em™ at 25 °C), few are stable against Li
metal. The garnet-type solid electrolyte, LLZO, is widely regarded as a promising solid electrolyte
due to its high ionic conductivity and chemical stability against Li metal [9-10]. Although sulfide
solid electrolytes, such as Li»S-P»Ss, usually have higher ionic conductivities than LLZO, they
must be handled in air-free conditions because hydrolysis of sulfide electrolytes by water vapor in
air generates smelly and toxic H>S gas [11]. In comparison, LLZO is relatively stable in air,

odorless, and non-flammable.

Nonetheless, it is difficult to form good interfacial contact between LLZO and electrode

materials because high-temperature sintered LLZO is rigid and brittle (Vickers hardness: ~6.3

GPa) [7, 12-13]. This results in high interfacial resistance, preventing the practical use of LLZO as
a promising solid electrolyte [14-15]. A tremendous research effort has been devoted to reducing
the high interfacial resistance in solid-state Li metal batteries with an LLZO electrolyte. For
example, ultra-low interfacial resistance, as low as 1 Q cm?, could be achieved by introducing a

thin Au, Ag, ZnO, or A[bOs3 interlayer into the LLZO/Li interface [16-20]. Good contact between
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LLZO and Li metal can also be achieved by high pressure and heat treatment [21-23], because Li
metal is soft and has a relatively low melting point of 180.5 °C. In contrast, much less effort has
been devoted to reducing the interfacial resistance between LLZO and the cathode materials.
Although good interfacial bonding between LLZO and LCO could be achieved by co-sintering
[24], LCO is likely to decompose at temperatures greater than 900 °C [25], and Li loss and various

side reactions are also expected to occur at high temperatures.

A convenient and effective way to construct a conformal interface for fast Li-ion transport is to
introduce a small amount of liquid electrolyte to wet the cathode/solid electrolyte interface [26-27].
Since room temperature ILs are highly conductive, thermally stable, almost non-volatile, and non-
flammable, they are ideal candidates for wetting the cathode/solid electrolyte interface [28]. For
example, LCO/Li cells with a quasi-solid-state IL-LLZO electrolyte demonstrated a high initial
discharge capacity of 130 mA h g and high-capacity retention of 99% after 150 cycles [29].
However, the quasi-solid-state IL-LLZO electrolyte was fragile and difficult to handle. Similarly,
an IL can be introduced into the cathode to form a quasi-solid-state composite cathode. A
conventional cathode slurry usually consists of an active material (e.g., LCO), a polymer binder
(e.g., polyvinylidene difluoride (PVDF)), a conductive agent (e.g., acetylene black (AB)), and a
solvent (e.g., N-methyl-2-pyrrolidone (NMP)). After the evaporation of NMP, the physical contact
between an LCO cathode and an LLZO electrolyte would mainly be point-to-point contact, as
illustrated in Figure 5.1(a). However, the cathode/solid electrolyte interface can be wetted by a
small amount of IL, which can be introduced into the cathode during slurry casting (Fig. 5.1(b)).
Adding a small amount of IL into the cathode slurry during cathode preparation will only slightly
change the rheological behavior of the cathode slurry but without changing the existing battery

manufacturing infrastructure. To our knowledge, few works have explored the potential of an IL-
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containing composite cathode for developing solid-state Li metal batteries [19, 30-32].

Figure 5.1. Hllustration of an LCO cathode with and without an IL. (a) without an IL, (b) with an

IL. The IL wets the LCO/LLZO interface.

Our research has attempted to address the primary challenge of the cathode/solid electrolyte
interfacial resistance in garnet-based solid-state Li-metal batteries. This paper presents an
alternative strategy for reducing the cathode/solid electrolyte interfacial resistance by developing
an IL-containing quasi-solid-state composite cathode. Introducing an IL into the LCO cathode
effectively reduced the LCO/AI-LLZO interfacial resistance. The effects of IL type and content on
the electrochemical behavior of the quasi-solid-state LCO cathode were systematically studied. We
showed that IL therapy was a convenient and effective way to reduce the cathode/solid electrolyte

interfacial resistance. It is also highly compatible with the existing battery manufacturing process.
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5.3 Results and Discussion
5.3.1 Electrochemical properties of two selected ILs and the AI-LLZO pellet

Two ILs were used to develop the IL-containing quasi-solid-state composite LCO cathode. One
was a solvate IL, Li(G4)FSI, designated as GF, which was prepared by dissolving lithium
bis(fluorosulfonyl)imide (LiFSI) in equimolar tetraethylene glycol dimethyl ether (G4) [27, 33].
Another one was a conventional IL, 1 mol dm> LiTFSI/EMI-TFSI, designated as ET, which was
prepared by dissolving lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) in 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-TFSI). As shown in Figure 5.2, the
electrochemical stability of GF, ET, and the AI-LLZO pellet was studied by linear sweep
voltammetry (LSV) and cyclic voltammetry (CV). The ionic conductivity in the temperature range
of 30-80 °C was measured by electrochemical impedance spectroscopy (EIS). An Au foil was used
as the working electrode (WE), and a Li foil was used as the counter electrode (CE) as well as the

reference electrode (RE) for the LSV and CV measurements.
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Figure 5.2. Electrochemical properties of the two selected ILs and the Al-LLZO pellet. (a) Linear

sweep voltammogram of GF, (b) Cyclic voltammogram of GF, (c) Arrhenius conductivity of GF,

(d) Linear sweep voltammogram of ET, (e) Cyclic voltammogram of ET, (f) Arrhenius

conductivity of ET. An Au foil was used as the WE, and a L.i foil was used as both the CE and the

RE. A highly porous polyimide film (PI) was used as the separator. The scan rates for the LSV and

CV measurements were 1 mV s, (g) Linear sweep voltammogram of a Li/Al-LLZO/Li symmetric
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cell at a scan rate of 1 mV min, (h) EIS spectrum of the Al-LLZO pellet at 30 °C, (i) Arrhenius

conductivity of the Al-LLZO pellet. All the CV and LSV measurements were carried out at 30 °C.

GF showed good anodic stability up to 4.5 V vs. Li/Li* because the anodic current was almost
negligible (less than 0.025 mA cm™ 2) at potentials below 4.5 V vs. Li/Li* (Figure 5.2(a)). The
drastic increase of the current density at potentials above 5.0 V vs. Li/Li" indicated strong oxidation
of GF. As shown in Figure 5.2(b), no noticeable redox peaks are observed from the CV curves in
the potential range of 2.8-4.8 V vs. Li/Li", proving that GF has a relatively wide electrochemical
window. The ionic conductivity of GF was 2.1 X107 S cm™ at 30 °C and 6.2 X107 S cm™ at 60 °C.
In general, the ionic conductivity of a liquid electrolyte will decrease when its salt concentration is
greater than 1 mol dm™ because of a rapid increase in viscosity [34]. The salt concentration in GF
was as high as 4.5 mol dm™. As a comparison, the ionic conductivity of the commercial liquid
electrolyte, 1 mol dm™ LiPF¢/EC: DMC (v:v=1:1), was about 1.1 x 102 S cm™ at 30 °C, much
higher than that of GF. The temperature dependence of the ionic conductivity was fitted with the
Arrhenius equation:

o(T) = 00 exp[ — Ea/(RT)] (5-1)
where o is the ionic conductivity, oy is the pre-exponential factor (a constant with the same unit as
o), T is the absolute temperature, E, is the activation energy, and R is the universal gas constant.
The activation energy of GF was estimated to be 0.3 eV (Figure 5.2(c)).

On the other hand, a noticeable anodic current increase was observed in the LSV curve of ET at
potentials slightly above 4.0 V vs. Li/Li", and a sharp rise in the current density occurred at
potentials above 5.0 V vs. Li/Li" (Figure 5.2(d)). In addition, broad reduction peaks were observed
in the CV curves at potentials slightly above 4.0 V vs. Li/Li* (Figure 5.2(¢)). Thus, ET has a

narrower electrochemical window than GF. The ionic conductivity of ET was 5.0 x10 S cm™ at
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30 °C and 1.2 x102 S cm™! at 60 °C. The activation energy of ET was measured to be 0.25 eV
(Figure 5.2(f)), lower than that of GF. Figure 5.2(g) shows the LSV profile of a Li/Al-LLZO/Li
symmetric cell in the potential range of 0-5.0 V vs. Li/Li". A thin Au interlayer was introduced into
the Li/Al-LLZO interface to reduce the interfacial resistance. Li stripping occurred at 0.28 V vs.
Li/Li", and no other oxidation peaks were observed up to 5.0 V vs. Li/Li". The ionic conductivity
of the AI-LLZO pellet was 3.6 x10* S cm™ at 30 °C (Figure 5.2(h)) and 1.0 X107 S cm™ at 60 °C.
The activation energy of the AI-LLZO pellet was 0.31 eV (Figure 5.2(i)), which was relatively high
due to the low relative density of the pellet (95%). The dependence of ionic conductivity of GF,

ET, and the AI-LLZO pellet as a function of temperature was presented in Tables 5 S1-S3.

5.3.2 Improvement of interfacial contact between LCO and AI-LLZO by an IL

A conventional LCO cathode slurry was prepared by mixing an LCO powder, an AB conductive
agent, and a PVDF powder in NMP. GF or ET was directly added into the conventional LCO slurry
to make an IL-containing composite LCO slurry. The experimental procedure is shown in Figure.
5S1. Figure 5.3(a) shows an optical image of the IL-containing composite LCO cathode, which
was directly cast onto the AlI-LLZO pellet. The composite LCO cathode is quasi-solid and shows
no fluidity. A cross-sectional SEM micrograph of the composite cathode is shown in Figure 5.3(b),
where LCO particles are firmly embedded in a quasi-solid-state matrix consisting of GF, AB, and
PVDF.

In contrast, voids and cracks are observed at the LCO/matrix interface region in a conventional
LCO cathode, as indicated by the arrowheads in Figure 5.3(c). Figure 5.3(d) presents a cross-
sectional SEM micrograph of the interface region between the quasi-solid-state LCO cathode and
the AlI-LLZO pellet. The LCO cathode layer was about 30 um thick and formed intimate contact

with the AI-LLZO pellet. Figure 5.3(e) presents a cross-sectional SEM micrograph of the interface
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region between the conventional LCO cathode and the AI-LLZO pellet, where more voids are
observed. Thus, introducing an IL could reduce the interfacial resistance between LCO and Al-
LLZO and the internal resistance of the LCO cathode. Moreover, the interaction between GF and

LCO was proved by differential scanning calorimetry (DSC) (Figure 5S2).

Composite cathodé | C \\\ _ Conventional cathode

Figure 5.3. Optical and SEM images of the quasi-solid-state cathode and a conventional LCO
cathode. (a) Optical image of the quasi-solid-state LCO cathode, where GF was 9.1 wt%, (b) Cross-
sectional SEM micrograph of the quasi-solid-state LCO cathode, (c) Cross-sectional SEM
micrograph of a conventional LCO cathode (without IL), (d) SEM micrograph of the interface
region between the quasi-solid-state LCO cathode and the Al-LLZO pellet, (¢) SEM micrograph
of the interface region between the conventional LCO cathode and the Al-LLZO pellet. All the

cross-sections were prepared by focused ion beam (FIB) milling.

5.3.3 Cycling performance of the GF-containing LCO cathode

The weight ratio of LCO: AB: PVDF: GF in the GF-containing LCO composite cathode was 92:
4:4: x, where x =0, 5, 10, 20, or 50. Accordingly, the assembled coin cells were termed GF-0, GF-
5, GF-10, GF-20, and GF-50. The IL contents in the quasi-solid-state LCO cathodes in both weight
and volume percentages are listed in Table 5S4. All-solid-state Li/Al-LLZO/LCO batteries cannot

be reversibly charged and discharged, whereas quasi-solid-state Li/Al-LLZO/LCO batteries can.
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As shown in Figure 5.4(a), the all-solid-state Li/Al-LLZO/LCO cell (x =0) reaches the cut-off
voltage of 4.2 V in seconds, and no discharge occurs. This was likely due to the large interfacial
resistance between the conventional LCO cathode and the Al-LLZO pellet because the anode-side
interfacial resistance between Al-LLZO and Li could be reduced to as low as a few Q cm? by
introducing a thin Au interlayer or simply removing the common LLZO surface contaminants, such
as Li,COs3 [17, 21, 35-36]. To reduce the cathode-side interfacial resistance, the concept of an IL-
containing quasi-solid-state cathode is thus explored, and the cell configuration is illustrated in
Figure 5.4(b). The GF-containing (x=5) quasi-solid-state LCO cathode can be reversibly charged
and discharged (Figure 5.4(c)). The initial discharge capacity was 81.6 mA h g!, which decreased
rapidly with cycling. Although the Coulombic efficiency (CE) increased upon cycling (greater than
98% after the 5™ cycle), the discharge capacity was only 7.8 mA h g™ after 50 cycles (Figure 5.4(d)).
The initial discharge capacity increased to 132.2 mA h g™ at x=10 (Figure 5.4(e)), likely due to a
further reduced interfacial resistance at the cathode side. Like the case of x=35, although the average
CE was greater than 98%, the discharge capacity decreased quickly and was only 5.9 mA h g! after
50 cycles (Figure 5.4(f)). At x=50, the cyclability increased significantly (Figure 5.4(g)), and an
average CE greater than 99% was maintained after 100 cycles (Figure 5.4(h)). However, it should
be noted that the initial discharge capacity was relatively low (92.4 mA h g!), and it degraded
rapidly after 50 cycles. This was likely due to the thermal instability of GF because it was
electrochemically stable up to 4.5 V vs. Li/Li". Besides, although the solid-state LCO/AI-LLZO
interface could be thoroughly wetted with excessive IL, electron transport would be blocked to
some extent because the IL was electrically insulating. In addition, particle agglomeration was also

likely to occur, which further reduced the utilization of LCO.
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Figure 5.4. Electrochemical behavior of quasi-solid-state Li/Al-LLZO/LCO cells with different GF
contents. (a) x=0 (all-solid-state), (b) lllustration of the configuration of the quasi-solid-state Li/Al-

LLZO/LCO cell, (c) and (d) Electrochemical behavior of cell GF 5 (x=5), (e) and (f)
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Electrochemical behavior of cell GF 10 (x=10), and (g) and (h) Electrochemical behavior of cell

GF 50 (x=50). The C-rate is 0.025 C, and the cycling temperature is 60 °C.

5.3.4 Composition analysis of GF after prolonged cycling at 60 °C

One major reason for GF cell degradation was likely GF's thermal instability. The discoloration
of GF evidenced this after prolonged cycling at 60 °C. Fourier-transform infrared spectroscopy
(FTIR) was used to analyze the composition change of GF after cycling at 60 °C. Pristine GF was
a transparent liquid, while it changed to a yellowish gel after cycling (insets in Figure 5.5).
Almost all the vibrational modes identified in the transmission FTIR spectrum of pristine GF are
present in the spectrum of cycled GF (Figure 5). For example, the strongest band at around 1185
cm! is assigned to the stretching mode of the SO, unit. In addition, some new features were
observed, likely related to GF's decomposition products. The additional bands at about 3350 and
1600 cm! were assigned to water, which was probably introduced during cathode preparation. The
additional bands at about 3140, 1140, 790, and 660 cm™! were assigned to CH, SO», SF, and SNS
units, respectively [37]. Since GF was electrochemically stable up to 4.5 V vs. Li/Li" (Figure 5.2(a)),
it was probably thermally decomposed during the prolonged cycling at 60 °C. The thermal
decomposition temperature of LiFSI was 66.9 °C [38], only slightly higher than the cell cycling
temperature. As a result, the cell's internal temperature could exceed the thermal decomposition

temperature of LiFSI during the prolonged cycling test because of heat accumulation.
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Figure 5.5. FTIR analysis of the composition change of GF after cycling. The insets are optical

images of GF before (transparent) and after (yellowish) prolonged cycling at 60 °C.

5.3.5 Cycling performance of the ET-containing LCO cathode

The performance of the quasi-solid-state LCO cathode was not only dependent on the IL content
but also dependent on the IL type. Figure 5.6 shows the galvanostatic cycling results of the ET-
containing quasi-solid-state Li/Al-LLZO/LCO cells. The weight ratio of LCO: AB: PVDF: ET in
the ET-containing LCO cathode was also 92: 4: 4: x, where x=4.3, 8.5, 12.8, 17, or 21.3. Similarly,
the assembled coin cells were accordingly termed ET-4.3, ET-8.5, ET-12.8, ET-17, and ET-21.3.
When x=4.3, the initial discharge capacity was 72.1 mA h g’!, which decreased rapidly to 30.8 mA
h g after 20 cycles, and was only 10.5 mA h g'! after 100 cycles (Figure 5.6(a)). However, a stable

CE of about 100% was maintained after 100 cycles (Figure 5.6(b)). The discharge capacity
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improved significantly with increasing IL content. When x=8.5, the initial discharge capacity
reached 135.5 mA h g'!. However, it decreased quickly to 111.7 mA h g after the first 10 cycles
and was 100.7 mA h g after 100 cycles (Figure 5.6(c)). A high CE of about 100% for over 100
cycles was also achieved at x=8.5 (Figure 5.6(d)). The cyclability was further improved at x =12.8
(Figure 5.6(e)). The discharge capacity was greater than 108.9 mA h g! after 100 cycles, and the
CE increased upon cycling and reached about 100% after 20 cycles (Figure 5.6(f)). In addition, the
overpotential of the quasi-solid-state Li/Al-LLZO/LCO cell decreased with increasing IL content
when x<12.8. Further increasing the IL content resulted in a decrease in cell performance. Figure
5.6(g) (x=17) shows that the discharge capacity decreased continuously from an initial value of
129.3 to 68.1 mA h g! after 100 cycles. However, the CE was maintained at about 100% after 20
cycles (Figure 5.6(h)).

As discussed above, in the case of GF, excessive IL could block electron transport and cause
particle agglomeration in the quasi-solid-state LCO cathode. The adverse effect of excessive IL
became more apparent when x=21.3 (Figure 5.6(1)). The discharge capacity decreased rapidly from
an initial value of 124.1 mA h g-1 to only 19.0 mA h g-1 after 100 cycles. Significant fluctuations
of the CE were also observed (Figure 5.6(j)). Moreover, the cell overpotential increased with

increasing IL content when x=12.8. The ET-containing LCO cathode showed a much better

cycling performance than the GF-containing LCO cathode, probably because ET had higher
thermal stability and ionic conductivity than GF. However, ET would decompose electrochemically

at potentials above 4.0 V vs. Li/Li".
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Figure 5.6. Electrochemical behavior of quasi-solid-state Li/Al-LLZO/LCO cells with different ET

contents. (a) and (b) ET 4.3 (x=4.3), (c) and (d) ET 8.5 (x=8.5), (e) and (f) ET 12.8 (x=12.8), (9)
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and (h) ET 17 (x=17), and (i) and (j) ET 21.3 (x=21.3). The C-rate is 0.025 C, and the cycling

temperature is 60 °C.

5.3.6 EIS analysis of the quasi-solid-state Li/Al-LLZO/LCO cell

To better understand the effect of IL on the performance of the quasi-solid-state Li/Al-
LLZO/LCO cell, EIS analysis was carried out (Figure 7). Each spectrum generally consists of two
semi-circles, a smaller one in the high-frequency region (>1MHz) (not readily visible),
corresponding to the resistance of AI-LLZO (RLLzo, including both the grain boundary resistance
Rgr and the bulk resistance Rp), and a larger one in the low-frequency region (<IMHz),
corresponding to the charge transfer resistance Rc:. For the GF-containing Li/AI-LLZO/LCO cells,
the overall resistance (Roveral) decreased significantly from about 1660 Q cm? at x=5 to about 320
Q cm? at x=50 (Figure 7(a)). The area-specific resistance (ASR) was defined as,

ASR =AxR (5-2)

where 4 is the effective current collecting area and R is the measured resistance. The Roveranl of the
all-solid-state Li/Al-LLZO/LCO cell was measured to be higher than 500,000 Q cm?. Considering
that the anode-side interfacial resistance between Al-LLZO and Li was only about a few to several
hundred Q cm?[18, 21, 35, 39], the R« was dominated by the cathode-side interfacial resistance
between LCO and AI-LLZO. IL therapy effectively reduced the interfacial resistance between LCO
and Al-LLZO. After 50 cycles, a substantial increase in Roverall from about 750 to 2230 Q cm?* was
observed for x =10. In comparison, there was almost no change in Roveranl for x=5 and x=50 (Figures
5.7(a) and (b)), probably because GF was either too little (x =5) or too much (x=50) in the composite
LCO cathode.

The EIS spectra of the ET-containing Li/AI-LLZO/LCO cells are shown in Figures 5.7(c) and

(d). The EIS data were modeled using a simplified equivalent circuit (inset in Figure 5.7(d)), where
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Rct represented the sum of the interfacial resistance from both the cathode and anode sides. The
Roverall was about 830 Q cm? at x= 4.3, which decreased to about 560 Q cm? at x=12.8. However,
the Roverall increased slightly with further increased ET content (Figure 5.7(c)). After 100 cycles,
the Roverall increased noticeably for all cells (Figure 5.7(d)). The evolution of the Roverall was

correlated well with cell performance (Figure 5.6).
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Figure 5.7. Impedance evolution of quasi-solid-state Li/Al-LLZO/LCO cells at 60 °C as a function
of IL type, content, and cycle number. (a) EIS spectra of the GF-containing Li/Al-LLZO/LCO cell
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after three cycles, (b) EIS spectra of the GF-containing Li/Al-LLZO/LCO cell after 50 cycles, (c)
EIS spectra of the ET-containing Li/Al-LLZO/LCO cell after three cycles, (d) EIS spectra of the
ET-containing Li/Al-LLZO/LCO cell after 50 cycles, (e) Rt of the GF-containing Li/Al-

LLZO/LCO cell and (f) Rct of the ET-containing Li/Al-LLZO/LCO cell.

As plotted in Figures 5.7(e) and (f), the R of the GF cell is 600-1000 Q cm? before cycling,
while that of the ET cells is 120-250 Q cm?. After cycling, the Retincreased significantly in almost
all the cases, irrespective of the IL type and content, indicating that decomposition of the ILs or
interfacial side reactions should have occurred. Nevertheless, ET was more suitable than GF for
preparing the IL-containing quasi-solid-state LCO cathode. As a result, more detailed research was

conducted on the stability analysis of the AI-LLZO pellet and the LCO active material against ET.

5.3.7 Stability study of AI-LLZO against ET by XPS

Since the IL-containing LCO cathode/Al-LLZO pellet interface could be divided into two
distinct solid/liquid interfaces, i.e., LCO/IL and IL/AI-LLZO, the stability of the cathode-side
interfaces was thus dependent on the stability of LCO and AI-LLZO against the IL. Figure 5.8
shows the X-ray photoelectron spectroscopy (XPS) analysis results of AI-LLZO in different
conditions: as-polished (pristine), soaked in a 1 mol dm™> LiPF¢/EC: DMC (v: v=1:1) (LP30)
electrolyte for 200 h, soaked in ET for 200 h, and galvanostatically cycled for 100 cycles at 60°C.
Adventitious carbon (centered at 248.8 eV in C 1s) and carbonate (289. 7 eV in C 1s) were observed
on the AI-LLZO pellet polished in an Ar-filled glove box. As reported previously, surface
contaminants, such as Li>COs, would occur quickly, even in an Ar atmosphere [36]. Apparent
enrichment in C-O species (286.5 eV in C 1s) indicated that a reaction between AI-LLZO and LP30

occurred, which was also observed by Liu et al. [40]. On the other hand, almost no carbonate signal
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was observed in both the C 1s and O 1s spectra (Figure 5S3) of the ET-soaked Al-LLZO pellet, and
the amount of the C-O species was relatively low, suggesting that Al-LLZO was relatively stable
against ET. However, the presence of carbon (248.8 eV in C 1s) on the AI-LLZO surface increased

significantly after 100 cycles at 60°C, probably due to the electrochemical decomposition of ET or

reactions between Al1-LLZO and ET.

Cycled LLZO

EC:DMC-Soaked LLZO Cls

(SdD) Ansuayug

Pristine LLZO Cls

294 292 290 288 286 284 282 280
Binding energy (eV)

Figure 5.8. XPS analysis of the surface chemistry (C 1s) of the Al-LLZO pellet in different
conditions. As-polished (pristine), soaked in 1 mol dm™2 LiPFs/EC-DMC (v:v=1:1) (LP30) for 200

h, soaked in ET for 200 h, and galvanostatically cycled for 100 cycles at 60°C.
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5.3.8 Stability study of LCO against ET by TEM

The stability of LCO against ET was investigated using TEM. As shown in Figure 5.9(a), the
pristine LCO particle has a crystalline appearance, which is revealed by the high-resolution TEM
image shown in Figure 5.9(b). The well-defined layered structure with an interplanar spacing of
about 0.23 nm is indexed to be the (006) crystal plane of LCO. No additional or amorphous surface
layer is observed. A TEM micrograph of the quasi-solid-state composite LCO cathode before
cycling is shown in Figure 5.9(c), from which the LCO particles are embedded in a PVDF polymer
matrix with a brighter contrast. An enlargement of the boxed area without PVDF is shown in Figure
5.9(d), where an amorphous cathode electrolyte interphase (CEI) layer of about 17.5 nm in
thickness is observed, suggesting that reactions occurred at the IL/LCO interface. Cracking of
cycled LCO particles was observed (Figure 5.9(e)), indicating that stress build-up in the quasi-
solid-state battery was severe during prolonged cycling. A high-resolution TEM image of the boxed
area without any PVDF is shown in Figure 5.9(f), where the thickness of the CEI layer has
increased significantly from about 17.5 to 43.5 nm. The continuous growth of the CEI layer would
lead to the increase of Rc. In addition, the outermost part of the CEI layer (about 8.9 nm thick) with
a darker contrast showed a more crystalline structure, likely related to the transfer of some heavy

elements.

5.3.9 Components of the CEI layer analyzed by XPS

XPS analysis was carried out to understand the reasons for the continuous growth of the CEI
layer on the LCO surface. As shown in Figure 5.10, the appearance of the peak assigned to CoOx
at 530.3 eV suggests the decomposition of LCO [41]. The appearance of the peak assigned to the
Li-F bond at 686.0 eV indicates the decomposition of the LiTFSI salt in ET [42]. Also,

carbonaceous species, such as C-C and C-H, were identified in the CEI layer. Thus, the CEI layer
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on LCO consisted of inorganic and organic compounds that were likely the decomposition products

of LCO and ET.

A Pristine LCO powder B Enlargement of the boxed area in A

C Composite cathode (LCO+PVDF+AB+ET) D Enlargement of the boxed area in C

N

E Cycled composite cathode

Figure 5.9. Bright-field TEM micrographs of the LCO active material. (a) and (b) Pristine LCO

powder, (c) and (d) ET-containing quasi-solid-state LCO cathode before cycling, (e) and (f) ET-
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containing quasi-solid-state LCO cathode after 100 cycles at 60°C. The inset in (b) is a fast Fourier

transform (FFT) pattern of the high-resolution TEM image.
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Figure 5.10. XPS analysis of the components of the CEI layer formed on the LCO surface in

different conditions. Soaked in ET for 200 h and Cycled at 60°C for 100 cycles.

5.3.10 Failure mechanisms of the quasi-solid-state Li/Al-LLZO/LCO cell

Failure mechanisms of the quasi-solid-state Li/Al-LLZO/LCO cell are illustrated in Figure 5.11.
First, GF was thermally decomposed after prolonged cycling at 60 °C (Figure 5.11(a)), as indicated
by the FTIR analysis, although it was electrochemically stable up to 4.5 V vs. Li/Li". On the other
hand, ET became electrochemically oxidized at potentials slightly above 4.0 V vs. Li/Li", as

evidenced by the LSV and CV analysis. The instabilities of the ILs were the main reason for the

102



Chapter 5

decay of the quasi-solid-state Li metal batteries. Also, GF might dissociate or desolvate because of
the nanoconfinement effects from the nanoporous carbon black and the chain-like PVDF binder
(Figures 5.11(b) and (c)) [43-44]. Since the interaction between the tetraglyme and Li" ion was
relatively weak, the chelate complex was intrinsically unstable [45]. The cracking of LCO particles
was also revealed by TEM analysis, which was likely due to stress accumulation in the quasi-solid-
state battery and fatigue of LCO during prolonged cycling (Figure 5.11(d)). As illustrated in Figure
5.11(e), particle agglomeration in ET was also confirmed by dynamic light scattering (DLS)
analysis (Figure 5S4). This decreased the utilization of the cathode active material. The continuous
growth of the CEI layer on LCO was another reason for the gradual decay of the cell capacity
(Figure 5.11(f)). The EIS, XPS, and TEM analysis confirmed the growth of the CEI layer with
cycling, which was likely related to the reactions between ET and LCO, as indicated by the TEM
results. Meanwhile, the reaction between LL.ZO and ET was confirmed by XPS analysis. Possible
reactions between Li metal and the ILs could also be one of the reasons for the capacity decay of
the IL-containing Li/Al-LLZO/LCO battery (Figure 5.11 (g)). Similarly, reactions between the ILs
and the Al current collector, i.e., corrosion [46], would occur (Figure 5.11(h)). Broad redox peaks
were observed in the CV profiles of GF when an Al foil was used as the working electrode (Figure
5S5), likely due to the corrosion of Al in GF. The charge transfer pathway between LCO and the
Al current collector would be blocked to some extent when the IL was excessive because the
electron-conductive carbon black particles would be isolated by the excessive IL, which was
electronically insulating. (Figure 5.11(1)).

Despite the shortcomings of the quasi-solid-state composite LCO cathode, there are strategies to
improve its performance. First, the search for a more suitable IL is essential. Second, coating the

cathode active material and the solid electrolyte with a Li-ion conductive material, such as LiNbO3
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or LiTaOs3, can be a feasible way to improve their stability against the ILs [47].

g 4.0V vs. LilLi
BT,

60 °C
GF IL ——» Thermal decomposition

A

Electro-oxidation

PVDF chain

Cracking of LCO

CEI Layer Growth on LLCO

——

S
[:do so;{

LA~

Dissociation

Solvated ionic liquid pair

Reaction between IL and Li

Lit
SEI

Li+

Corrosion H
Al-TFSI complex

e.g. LITFSI '
‘Al Current Collector

Blocking of Electron Transfer

Carbon black

Excessive IL

. ‘» Current Collector

Figure 5.11. Illustration of failure mechanisms of the quasi-solid-state LCO cathode. (a) Thermal

decomposition or electron-oxidation of the ILs, (b) and (c) Dissociation or desolvation of GF in

carbon black and PVDF binder, (d) Cracking of LCO caused by stress accumulation and fatigue,

(e) Agglomeration of LCO (or AB) particles, (f) Growth of the CEI layer on LCO because of

reactions between LCO and the IL, (g) Possible reaction between Li metal and the ILs, (h)

Corrosion of Al current collector in the ILs and (i) Blocking of electron transport by excessive IL.

5.4 Conclusion

This paper presents an alternative strategy for reducing the interfacial resistance between

cathodes and solid electrolytes through IL therapy. An IL-containing and non-fluidic LCO
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composite cathode was developed, and the LCO/AI-LLZO interfacial resistance was reduced
effectively from more than 500,000 to about 100 Q cm?. The optimal content of the IL in the quasi-
solid-state composite LCO cathode was found to be about 11 wt%. Quasi-solid-state Li/Al-
LLZO/LCO cells achieved relatively high-capacity retention of about 80% after 100 cycles at 60 °C.
The cell capacity decay was mainly due to thermal or electrochemical instability of the IL. There
were also stability issues of LCO and AI-LLZO against the IL. Thus, searching for a suitable IL is

critical for developing and maturing garnet-based quasi-solid-state Li metal batteries.

5.5 Limitations of the Study

The two ionic liquids (ILs) used in this study, i.e., the solvate equimolar Li(G4)FSI and the
conventional 1 mol dm~ LiTFSI/EMI-TFSI, are either thermally unstable above 60 °C or become
electrochemically oxidized at potentials above 4.0 V vs. Li/Li". Also, it should be noted that the
viscosities of the two ILs at room temperature are relatively high. Thus, identifying a suitable IL is
critical for further developing the quasi-solid-state composite LiCoO: cathode. In addition, the
relative density of the Al-doped LLZO pellet is relatively low, about 95%, because it was prepared
by pressureless sintering. Better battery performance is expected if a denser or a Ta-doped LLZO

pellet (with a higher ionic conductivity) is used.

5.6 Method details
5.6.1 Preparation of AI-LLZO pellets

Al-doped LLZO powder was prepared by a solid-state reaction method [48]. LiOH-H>O,
La(OH)s, and ZrO> powders were mixed by planetary ball-milling and were calcined at 900 °C for
15 h. After mixing with a y-Al2O3; powder, the calcined powder was pelletized and sintered at

900 °C for 3 h and then at 1200 °C for 24 h. The molar ratio of the starting materials of LIOH-H-O,
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La(OH)3, ZrO», and y-Al,0O3 was 6.9: 3.0 : 2.0: 0.125.

5.6.2 Fabrication of quasi-solid-state Li/Al-LLZO/LCO coin cells

The IL-containing LCO slurries were cast onto the cylinder-shaped Al-LLZO pellets (12 mm in
diameter and 1 mm in thickness) and then dried at 80 °C in a vacuum for 12 h. The loading of the
active material was about 6.0 mg cm™. One base surface of the pellets was coated with a thin gold
layer, which would alloy with Li metal at heating (80 °C) to reduce the anode-side interfacial
resistance. The quasi-solid-state LCO/AI-LLZO/Au trilayered structure was paired with a Li foil

to make a full cell. All the CR2032-type coin cells were assembled in an Ar-filled glove box.

5.6.3 Materials characterization

The crystal structure of the high-temperature sintered AlI-LLZO pellet was analyzed by X-ray
diffraction (XRD, Rigaku SmartLab) (Figure S6). Micro-sized pores were observed on the cross-
sectional surface of the AlI-LLZO pellet (Figure S7). The relative density of the AI-LLZO pellet
was about 95%. Cross-sections of the AI-LLZO/LCO bilayer structure were prepared with focused
ion beam (FIB) milling and were analyzed using a scanning electron microscope (SEM, JSM-
6490A). The particle size in the LCO slurry was measured by dynamic light scattering (DLS,
Partica mini LA-350). The morphological evolution of the LCO surface was studied using an
analytical scanning transmission electron microscope (STEM, JEM-ARM?200F). Transmission and
attenuated total reflection (ATR) Fourier-transform infrared spectroscopy (FTIR) was used to

analyze the composition change of the IL after cycling at 60 ° C. The surface chemistry of Al-

LLZO was analyzed with an X-ray photoelectron spectrometer (XPS, PHI 5000 VersaProbe II).

5.6.4 Electrochemical measurements
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AC electrochemical impedance spectroscopy was performed in the frequency range from 3 MHz
to 0.1 Hz at 60 °C (EIS, Biologic SP-300). The amplitude of the perturbation was 10 mV.
Galvanostatic cycling of the quasi-solid-state Li/Al-LLZO/LCO cell was carried out at 60 °C with
a constant current density of 20 uA cm 2, corresponding to 1/40 C (0.025 C). The cut-off voltage

range was 3.0to 4.2 V.
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Supplemental information

Table 5 S1 lonic conductivity of the Li(G4)FSI solvate IL (designated as GF), Related to Figure 2.

Temperature (°C) lonic conductivity (102 S cm?)
30 21
40 3.1
50 4.0
60 6.2
70 8.0
80 10.2
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Table 5 S2 lonic conductivity of the 1 mol dm=3 LiTFSI/EMI-TFSI (designated as ET), Related to

Figure 5.2.
Temperature (°C) lonic conductivity (102 S cm™)
30 5.0
40 6.9
50 9.5
60 12.5
70 15.9
80 19.7

Table 5 S3 lonic conductivity of the Al-doped LLZO pellet, Related to Figure 5.2.

Temperature (°C)

lonic conductivity (10“ S cm™)

30 3.6
40 4.8
50 1.7
60 10.5
70 13.8
80 18.3
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Table 5 S4 IL content in the quasi-solid-state LCO cathode, Related to Figures 5.4 and 6.

Equimolar Li(G4)FSI solvate IL (designated as GF) series

X Wit% Vol% Cell

0 0 0 All-solid-state
5 4.8 14.6 GF5

10 9.1 25.5 GF 10

50 333 63.1 GF 50

1 mol dm~3 LiTFSI/EMI-TFSI conventional IL (designated as ET) series

4.3 4.1 111 ET 4.3
8.5 7.8 19.8 ET 85
12.8 11.3 27.1 ET 12.8
17 14.5 33.1 ET 17
21.3 17.6 38.2 ET 21.3
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Au Coating
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Figure 5 S1. The procedure of casting the quasi-solid-state LCO cathode slurry onto the Al-LLZO

pellet’s surface, Related to Figure 5.3.
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Figure 5 S2. DSC profiles of the quasi-solid-state LCO cathode with different GF contents. The
weight ratio of LCO: AB: PVDF: GF in the quasi-solid-state LCO cathode was 92: 4: 4: x (w/w).

(@) Pure Li(G4)FSI (GF), (b) x=20, (c) x=10, (d) x=5, and (e) x=0, Related to Figure 5.3.
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Figure 5 S3. Analysis of the surface chemistry (O 1s) of the Al-LLZO pellet in different conditions.
As-polished (pristine), soaked in 1 mol dm™ LiPFs/EC-DMC (v:v=1:1) (LP30) for 200 h, and

soaked in the conventional ET IL for 200 h, Related to Figure 8.
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Figure 5 S4. DLS analysis of the particle size in the quasi-solid-state LCO cathode as a function of

the IL content. The IL here is the conventional 1 mol dm=3 LiTFSI/EMI-TFSI, and its content in
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the quasi-solid-state LCO cathode was 0, 7.8 wt%, and 11.3 wt%, respectively. The particle size in

the quasi-solid-state LCO cathode increases with increasing IL content, Related to Figure 11.
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Figure 5 S5. Electrochemical stability analysis of the solvate GF IL at 25 °C. (a) Linear sweep
voltammogram, (b) Cyclic voltammogram. The scan rates for LSV and CV were 1 mV S, An Al
foil was used as the working electrode (WE), and a Li foil was used as the counter electrode (CE)
as well as the reference electrode (RE). A highly porous polyimide film (PI) was used as the
separator. Broad redox peaks are observed at about 3.8 VV and 4.0 V vs. Li/Li* in the CV profiles,
and the processes look reversible. They are likely related to impurity phases on the surface of the

Al working electrode or a slow corrosion process of the Al working electrode in the IL, Related to

Figure 5.11.
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Figure 5 S6. XRD profile of the 1000 °C sintered Al-LLZO pellet. It indicates that the high

temperature-sintered Al-LLZO pellet has a cubic structure, Related to Figure 5.2.

Figure 5 S7. A cross-sectional SEM micrograph of the 1000 °C sintered Al-LLZO pellet.

Micropores are observed, and the relative density of the Al-LLZO pellet is about 95%, Related to

Figure 5.2.
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Chapter 6 Preparation of all-solid-state Li metal batteries by aerosol deposition

6.1 Abstract

High-energy-density and safe rechargeable batteries are key components to realizing a low-
carbon society. All-solid-state Li-metal batteries have the potential to achieve both high safety and
high energy densities. However, the large interfacial resistance between solid electrolytes and
cathodes is the major challenge for developing all-solid-state Li-metal batteries. Here we deposited
a Li-rich layered metal oxide Li;2Mno54Nio.13C00.1302 (LMNC) thin film (6 pum thick) on an Al-
doped LirLasZr,012 (LLZO) substrate at room temperature by aerosol deposition. The LMNC
particles were coated with LizBO3; (LBO), which acted as a binder to hold LMNC and LLZO
together at heating. As a result, good interfacial contact was achieved between LMNC and LLZO.
Yet reactions between LMNC and LBO would occur at heat treatment temperatures above 600 °C.
The highest discharge capacity of the all-solid-state Li/LLZO/LBO-LMNC cell at 0.1 C and 60 °C
was 223 mAh g*. The main reason for the cell capacity decay was the cracking of the LBO-LMNC
cathode layer during cycling. Searching for a more suitable binder material with a high fracture
toughness is crucial for further developing aerosol-deposited LLZO-based all-solid-state Li metal

batteries.

6.2 Introduction

Carbon dioxide (COy) is the primary greenhouse gas emitted through human activities, such as
the combustion of petroleum, natural gas, and coal, for energy and transportation. In 2021, transport
accounted for 37% of CO2 emissions from end-use sectors [1]. As a result, a crucial step in tackling
the climate emergency is reducing transportation emissions, which can be realized by replacing

gasoline cars with electric vehicles (EVs).
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However, the EV industry is concerned with maximizing vehicle driving range and safety. The
driving range is a direct function of the discharge capacity of the EV battery pack. As a result, Li-
rich layered cathode materials, such as LMNC, are of great interest because of their high discharge
capacity of above 250 mA h g and high operating voltage [2, 3]. LMNC consists of two layered
cathodes in a solid solution form of xLi>MnO3-(1-x)LiMO2, where M represents a transition metal,
e.g., Co) [4, 5]. The crystal structure of LMNC is illustrated in Figure 1 [6], where oxygen atoms
are in the octahedral sites of the alternating layers of Li and transition metals (Mn, Ni, and Co). In
addition to mileage, safety is also a significant challenge for EVs. State-of-the-art Li-ion batteries
with conventional liquid electrolytes are potentially dangerous because the liquid electrolytes are
generally highly flammable, posing a risk of fire and explosion.

On the other hand, all-solid-state Li metal batteries have the potential to achieve both high safety
and high energy densities and thus have attracted tremendous research interest. Nevertheless,
among various solid-state fast-ion conductors, few are stable against Li metal, which is widely
regarded as the ultimate anode material. The garnet-type oxide, LLZO, shows relatively high
chemical and electrochemical stabilities against metallic Li and is considered one of the most

promising solid electrolytes.
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Figure 6.1 Crystal structure of Li;.2Mno.54Ni0.13C00.1302 (LMNC)

However, forming good interfacial contact between LLZO and the electrode materials is
challenging because LLZO has a high elastic modulus [7]. The high interfacial resistance presents
a significant barrier to developing all-solid-state Li-metal batteries. A great effort has been made
to decrease the interfacial resistance between LLZO and the Li metal anode [8, 9]. For instance,
the LLZO/Li interfacial resistance can be effectively reduced by introducing a thin Au or Al203
interlayer [10, 11]. Good contact between LLZO and Li metal can also be achieved by high pressure
and heating because Li metal is ductile and has a relatively low melting point of 180.5 °C [12, 13].

In contrast, much less effort has been devoted to reducing the interfacial resistance between
LLZO and the cathode materials [14]. Although it is possible to achieve good interfacial contact
between cathodes and ceramic solid electrolytes by co-sintering, high sintering temperatures may
cause chemical decomposition of the cathode materials [15, 16]. Developing ionic liquid-
containing cathodes was a convenient and effective way to reduce the cathode/solid electrolyte
interfacial resistance [17, 18]. Polymer-in-LLZO flexible sheet electrolytes were also proposed to
optimize the physical contact between solid electrolytes and cathode materials [19, 20].

Nevertheless, introducing a liquid electrolyte or applying a polymer-based flexible electrolyte to
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reduce the interfacial resistance will compromise battery safety [21]. For example, the most widely
used poly(ethylene oxide) solid-state polymer electrolyte (PEO) is flammable [22, 23]. Thermally
soldering cathodes and solid electrolytes with a low-melting-point solid electrolyte was a relatively
new approach to mitigating interfacial resistance [21]. Aerosol deposition (AD) is a room-
temperature coating technology used to deposit cathode films on ceramic electrolytes [24, 25]. An
illustration of the AD system is shown in Figure 2A. Accelerated particles are cracked and
deformed when hitting the ceramic substrate (Figures 2B and C). The high surface energy
generated from particle fracture or plastic deformation is likely to be the driving force for the
densification of small particles at room temperature [26]. However, ceramic-based all-solid-state
Li metal batteries prepared by AD almost cannot work and degrade rapidly with cycling, most
likely due to the poor interfacial contact and the further degradation of the electrode-solid
electrolyte interface [27]. The stresses generated by the insertion and extraction of Li-ions into and
out of the cathode materials can result in the cracking of the interface. As a result, further interface
engineering is needed to reduce the large interfacial resistance and maintain the integrity of the
cathode-solid electrolyte interface created by AD. For example, the deposited cathode layer and
the ceramic electrolyte can be joined together with a low-melting-point solid electrolyte binder at

heating (Figure 2D).
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Figure 6.2 Illustration of the AD process. (A) Illustration of the AD system, (B) Accelerated binder-
coated cathode particles hitting onto an LLZO substrate, (C) As-deposited cathode layer, where the
particles are cracked and deformed, (D) Heat-treated cathode layer, where a low-melting-point

binder material fills the cracks and voids upon sintering or melting.

Here an LBO-LMNC cathode film was deposited on an Al-doped LLZO substrate at room
temperature by AD. Upon heating, the cracks of the deposited LMNC particles and the voids
between the LMNC cathode layer and the LLZO substrate were filled by LBO, a mechanically soft
solid electrolyte with a relatively low melting point of around 700 °C [28]. All-solid-state

Li/LLZO/LBO-LMNC cells were assembled, and the electrochemical performance was evaluated.

6.3 Experiment
6.3.1 Synthesis of LisBO3 (LBO)

The LBO powder was synthesized by heating mixtures of Li>COz (99.0%, FUJIFILM Wako
Pure Chemical Corporation, Japan) and B2O3 (95%, Kanto Chemical Co., Inc., Japan) in a molar
ratio of 3:1 at 600 °C for 10 h in air. The LBO powder was further pulverized to reduce the particle

size and the crystallinity by ball milling (400 rpm, 10 min milling followed by a 20 min pause to
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avoid overheating, repeated 99 times). Figure S1 shows the XRD pattern of the synthesized LBO

powder.

6.3.2 Synthesis of Li1.2Mnos4Ni0.13C00.1302 (LMNC)

The LMNC powder was synthesized through a co-precipitation process in combination with a
solid-state reaction [29, 30]. The first step was synthesizing an Mn-Ni-Co hydroxide precursor
through a co-precipitation process. Starting materials of Mn(NOz)2-6H20 (98%, FUJIFILM Wako
Pure Chemical Corp.), Ni(NO3)2-6H.0 (98%, FUJIFILM Wako Pure Chemical Corp.),
Co(NO3)-6H20 (98%, FUJIFILM Wako Pure Chemical Corp.) were dissolved in water to form a
solution, which was added dropwise to a 0.5 mol dm LiOH- H,O basic solution. The precipitate
was carefully filtered, washed with distilled water, and dried at 120 °C for 12 h. The second step

was synthesizing LMNC from a solid-state reaction between the precipitate and LiOH- H2O. After
drying, the precipitate was mixed with a stoichiometric amount of LiOH- H20 (99%, FUJIFILM

Wako Pure Chemical Corp.) and calcined at 500 °C for 4 h and then at 900 °C for 8 h in air.

6.3.3 Synthesis of Al-LLZO

The Al-doped LLZO powder was prepared by a solid-state reaction method. Starting materials
of LiOH-H20, La(OH)3, and ZrO, powders were mixed by ball-milling and calcined at 900 °C for
15 h. After mixing with a nano-sized y-Al.Os powder, the calcined powder was compacted and
sintered at 900 °C for 3 h and then at 1200 °C for 24 h in air. The molar ratio of LiOH-H20,
La(OH)s, ZrOz, and y-Al203 was 6.9: 3.0 : 2.0: 0.125. The XRD pattern of the synthesized Al-

doped LLZO pellet shows a cubic structure of 1a-3d (Figure S2) [31].
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6.3.4 Aerosol Deposition

The LBO and LMNC powders in mass ratios of 0:10, 1:9, and 2:8 were ball-milled at 400 rpm
for 30 min, following calcination in the temperature range of 400-700 °C for 2 h in air. The LBO-
coated LMNC was transferred into the deposition chamber, which was evacuated by a rotary pump
to 80 Pa. The diameter of the nozzle hole was 1 mm, and the deposition area on the LLZO
substratle was about 0.785 cm?, The distance between the LLZO substrate and the nozzle was 40
mm. The Ar gas pressure was set to 0.6 MPa. The amount of LBO-LMNC deposited on the LLZO

substrate was determined from the weight increase of the LLZO substrate after deposition.

6.3.5 Materials characterization

The crystal structures were analyzed by X-ray diffraction (XRD, Cu Ko radiation, Rigaku
SmartLab). The step size was 0.01°, and the scanning speed was 1°/min. The X-ray diffractometer
was operated at 40 kV and 40 mA. The microstructure was analyzed by a scanning electron
microscope (SEM, JSM-6490A, JEOL). The accelerating voltage was 15 kV, and the working
distance was 10 mm. The particle size of the synthesized LMNC powder was measured by dynamic
light scattering (DLS, DLS-8000 series, Otsuka Electronics Co., Ltd.). The density of the Al-doped
LLZO was determined by measuring its weight and dimensions. The crystal structure of LMNC

was illustrated using VESTA [32].

6.3.6 Electrochemical measurements

AC electrochemical impedance spectroscopy (EIS) was performed in the frequency range from
3 MHz to 0.1 Hz at 30-60 °C (Biologic SP-300, France). The amplitude of the perturbation was 10
mV. The EIS spectrum of the Al-doped LLZO pellet is shown in Fig. S3A, and the Arrhenius plot
in Fig. S3B. CR2032 coin cells were assembled to evaluate the effect of the LBO coating on the

discharge capacity of the LMNC cathode. The anode was a Li metal disc (600 pum thick, Honjo
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Metal CO., Ltd.), and the liquid electrolyte was 1 mol dm= LiPF¢/EC: DMC (1:1). Galvanostatic
cycling of the all-solid-state Li/LLZO/LBO-LMNC cells was carried out at 0.1 C and 60 =«C with
a cut-off voltage range of 2.0-4.8 V. The surface of the LBO-LMNC cathode layer facing an Al
current collector was coated with a thin Au layer for electron transfer. The configuration of the
Li/LLZO/LBO-LMNC cell is illustrated in Fig. S4A. A UFO-shaped battery testing apparatus was
designed and built for the cycling test, as shown in Fig. S4B. The EIS data were fitted to equivalent

electrical circuit models using the EC-Lab software (Biologic, France).

6.4 Results and discussions
6.4.1 Synthesized LMNC powder

The synthesized LMNC powder showed a crystalline structure with R3m symmetry, as
confirmed by X-ray diffraction (Figure 6.3A) [33]. No impurity phase was identified. The main
diffraction peaks were assigned to the layered component of LiMO2 (M= Mn, Ni, Co), while the
weak bumps between 21° and 23° were assigned to the LiMnO3z component (space group: C2/m)
in the transition metal layers [34, 35]. The particle size was about 0.2-5 um (Figure 6.3B), and the
average particle diameter was measured to be around 2.3 um (Figure 6.3C), located in the range of

optimal particle size for AD, 0.1 to 10 um.
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Figure 6.3 As-synthesized LMNC powder. (A) The XRD pattern of the synthesized LMNC powder,

(B) An SEM micrograph of the LMNC powder, (C) Particle size distribution
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Figure 6.4 (A) LBO-coated LMNC. (A) An SEM micrograph of the LBO-coated LMNC powder
(The mass ratio between LBO and LMNC is 2:8), (B) A high-resolution SEM micrograph showing
the amorphous-like LBO attached to the surface of an LMNC particle, (C) XRD patterns of the
LBO-LMNC powders heat-treated at different temperatures. For the XRD measurements, the mass
ratio between LBO and LMNC is changed to 1:1 here to increase the peak intensity of LBO for

analysis because the degree of crystallinity of LBO is relatively low.

6.4.2 Microstructure and phase of the synthesized LBO-coated LMNC
The LBO powder was synthesized through a solid-state reaction between lithium carbonate
(Li2COs3) and boron trioxide (B203):
3Li,CO, + B,0, = 2Li,BO, + 3CO, (6-1)
The synthesized LBO and LMNC powders were mixed by ball-milling and heated in air to obtain
an LBO-coated LMNC cathode material (Figure 4A). The pulverized LBO powder was

amorphous-like (Figure 4B) and attached to the surface of the LMNC particle. As indicated by the
129



Chapter 6

XRD analysis, the crystallinity of the LBO powder was relatively low (Figure 4C). As indicated
by the dashed lines, additional peaks around 30° and 39° were observed in the XRD pattern of the
600 °C heat-treated LBO-LMNC powder. Moreover, the peak intensities increased when the heat
treatment temperature rose to 700 °C. Thus, the optimized co-sintering temperature should be less

than 600 °C to avoid a reaction between LBO and LMNC.
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Figure 6.5 Galvanostatic cycling profiles of the Li/LBO-LMNC cells with a liquid electrolyte of 1
mol dm™ LiPFe/EC: DMC (1:1) at 0.1 C and 30 °C. (A) LMNC without LBO coating, (B) LBO:
LMNC= 1:9 (Mass ratio), (C) LBO: LMNC= 2:8. The LMNC active material loading is in the

range of 1.6-2.4 mg cm,

6.4.3 Cycling performance of the LBO-coated LMNC cathode in liquid cells

Figure 6.5 shows the galvanostatic cycling profiles of the Li/LBO-LMNC cells with a liquid
electrolyte of 1 mol dm LiPFe/EC: DMC (1:1) at 0.1 C and 30 °C. The irreversible loss of the
first-charging plateau at about 4.5 V was suggested to be associated with oxygen (0?) redox and
corresponding phase transition [35, 36]. After discharging, the distorted oxygen sublattice could
not recover fully to the pristine state, thereby decreasing the structural stability and the discharge
capacity. Nevertheless, the initial discharge capacity of the LMNC cathode still reached 248 mA h
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gt, which increased to the highest value of 260 mA h g in the third cycle. The initial discharge
capacity of LMNC decreased slightly to 220 mA h g™ when coated with 10 wt% LBO (Fig. 5B)
and further decreased to 200 mA h g when coated with 20% LBO (Fig. 5C). The decrease in
capacity can be explained by the fact that the ionic conductivity of LBO (about 10 S cm™ at 25 °C)
is much lower than that of the liquid electrolyte (about 102 S cm™ at 25 °C). As a result, the Kinetics
of Li-ion transfer and diffusion would be retarded by the LBO coating, although the LMNC cathode
was not fully covered by LBO.

Nevertheless, the results showed that the discharge capacity of LMNC was only slightly
decreased when coated with a moderate amount of LBO. Besides, the LBO-coated LMNC could
be a promising cathode material for all-solid-state Li metal batteries with ceramic solid electrolytes
because LBO could function as a binder to hold LMNC and the ceramic solid electrolyte together

at heating.

6.4.4 Cycling performance of an all-solid-state Li/LLZO/LBO-LMNC cell

An SEM cross-sectional micrograph of the high-temperature sintered Al-doped LLZO pellet is
shown in Fig. 6A, where a few pores are observed. The relative density of the Al-doped LLZO
pellet was estimated to be 95%. Fig. 6B shows an SEM cross-section of the LBO-LMNC/LLZO
interface area, where almost no voids or cracks can be observed in the LBO-LMNC cathode layer.
The cathode layer, about 6 um in thickness, was deposited onto the LLZO substrate by AD at room
temperature, following heat treatment at 500 °C for 2 h in air. Although the LBO-LMNC cathode
shrank slightly after heat treatment because of the sintering of LBO, it still maintained good contact
with the LLZO substrate. The galvanostatic cycling profile of the Li/LLZO/LBO-LMNC all-solid-
state cell at 0.1 C and 60 °C is shown in Fig. 6C. The initial discharge capacity was 200 mA h g7,

which increased to the highest value of 223 mA h g™in the second cycle. In general, rapid capacity
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fading was observed with cycling, and the capacity retention was 92 % after 10 cycles (Fig. 7C).
However, this result still represents one of the best results reported for aerosol-deposited all-solid-
state Li metal batteries with ceramic electrolytes [13, 24, 37].

In contrast, it was difficult to charge and discharge the LBO-free Li/LLZO/LMNC cell,
suggesting that the LBO coating was critical for the functioning of the aerosol-deposited all-solid-
state cell. Nevertheless, the cell capacity fading was significant with cycling, mainly due to the
cracking of the LBO-LMNC cathode layer, as indicated by the arrowheads in Fig. 6D. The cracks
were primarily concentrated in the LBO-LMNC cathode layer and close to the cathode/solid
electrolyte interface. On the other hand, no apparent cracks were observed in the LBO-LMNC
cathode layer before cycling (Figure 6B). In addition, local contact loss between the LBO-LMNC
cathode and the LLZO electrolyte was also observed. The cracking and contact loss were believed
to be caused by the volume variation of the LMNC cathode during cycling. Thus, identifying a
more suitable solid-electrolyte binder with a high fracture toughness to withstand the volume
change of the cathode active material is critical for further developing the aerosol-deposited LLZO-

based all-solid-state Li metal batteries.
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An SEM cross-sectional micrograph of the high-temperature sintered Al-doped LLZO pellet is
shown in Figure 6A, where a few pores are observed. The relative density of the Al-doped LLZO
pellet was estimated to be 95%. Figure 6.6B shows an SEM cross-section of the LBO-
LMNC/LLZO interface area, where almost no voids or cracks can be observed. The LBO-LMNC
cathode layer (about 6 um in thickness) was deposited onto the LLZO substrate by AD at room
temperature, following heat treatment at 500 °C for 2 h in air. Although the LBO-LMNC cathode
shrank slightly after heat treatment because of the difference in coefficient of thermal expansion

(CTE) between LBO-LMNC and LLZO, it maintained good contact with the LLZO substrate.

Before cycling
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Figure 6.6 SEM cross-sectional micrographs of the high-temperature sintered Al-doped LLZO
pellet (A) and the LBO-LMNC/LLZO interface regional (B). The mass ratio between LBO and

LMNC is 2:8.
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6.5 Conclusions

A 6 um-thick LBO-LMNC cathode thin film was deposited on an Al-doped LLZO substrate at
room temperature by aerosol disposition. LBO functioned as a Li-ion-conducting binder that filled
the cracks and the voids between the LMNC cathode layer and the LLZO ceramic electrolyte at
heating. However, reactions between LMNC and LBO occurred at temperatures above 600 °C. The
highest discharge capacity of the all-solid-state Li/LLZO/LBO-LMNC cell at 0.1 C and 60 °C
reached 223 mAh g. Although the cell capacity retention was only 92 % after 10 cycles, the result
still represents one of the best reported for all-solid-state Li metal batteries with ceramic
electrolytes. The cell capacity degradation was mainly caused by the cracking of the LBO-LMNC
cathode layer during cycling. Nevertheless, the LBO coating was necessary for the functioning of
the all-solid-state Li/LLZO/LBO-LMNC cell. Identifying a more suitable coating material is
crucial for further improving the cyclability of the high-voltage all-solid-state Li metal batteries

prepared by AD.
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6.7 Supplementary Information
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Figure 6 S1 XRD pattern of the synthesized LBO powder, which has a crystalline structure and an

average particle size of less than 1.0 um.
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Figure 6 S2 XRD pattern of the prepared Al-doped LLZO pellet, which has a cubic structure.
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Figure 6 S3 (A) EIS spectrum of the synthesized Al-doped LLZO pellet measured at 25-30°C from

3 MHz to 0.1 Hz. The pellets' thickness was 400-500 um, and the ionic conductivity was about

3.6 x 104 Scmtat 30 °C, (B) Arrhenius conductivity of the Al-doped LLZO pellet.
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Figure 6 S4 (a) Configuration of the Li/Al-doped LLZO/LBO-LMNC cell, (b ) A UFO-shaped

battery apparatus designed and built for the cycling test.
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Chapter 7 Degradation mechanism of all-solid-state Li metal batteries studied

by electrochemical impedance spectroscopy

7.1 Abstract

Solid-state Li-metal batteries have the potential to achieve both high safety and high energy
densities. Among various solid-state fast-ion conductors, the garnet-type LizLasZr,O12 (LLZO) is
one of the few that are stable to Li metal. However, the large interfacial resistance between LLZO
and cathode materials severely limits the practical application of LLZO. Here a LiCoO; (LCO)
film was deposited onto an Al-doped LLZO substrate at room temperature by aerosol deposition,
and a low interfacial resistance was achieved. The LCO particles were pre-coated by LizBOs
(LBO), which melted to join the LCO particles to the LLZO substrate at heating. All-solid-state
Li/LLZO/LBO-LCO cells could deliver an initial discharge capacity of 128 mAh g* at 0.2 C and
60 °C and demonstrated relatively high-capacity retention of 87% after 30 cycles. The cell
degradation mechanism was studied by electrochemical impedance spectroscopy (EIS) and was
found to be mainly related to the increase of the interfacial resistance between LBO and LCO. In-
situ SEM analysis verified the hypothesis that the increase of the interfacial resistance was caused
primarily by interfacial cracking upon cycling. This study demonstrated the capability of EIS as a
powerful non-destructive in-situ technique to investigate the failure mechanisms of all-solid-state
batteries.

7.2 Introduction

Increasing concerns about environmental pollution accelerate the development of electric
vehicles (EVs), which are quickly taking over the automobile industry despite the pandemic [1].
In 2020, the global transportation sector was responsible for 24% of direct CO2 emissions from

fuel combustion [2]. As a result, reducing transportation emissions is crucial in tackling climate
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emergencies. Replacing gasoline cars with EVs is expected to be indispensable in reaching net-
zero emissions worldwide.

However, the EV industry is concerned with maximizing the driving range and improving
vehicle safety. Buyers are often deterred by range anxiety because public charging stations are
lacking. In addition, Li-ion batteries with liquid electrolytes are potentially dangerous as the liquid
electrolytes are usually highly flammable. Recently all-solid-state Li metal batteries have regained
tremendous research interest because of the discovery of some new solid-state fast-ion conductors,
such as LLZO and Li10GeP2S12 (LGPS) [3]. For example, the room temperature ionic conductivity
of cubic LLZO is about 102 S cm™ [4]. Moreover, LLZO is chemically and electrochemically
stable against Li metal [5] with a very high theoretical specific capacity of 3860 mAh g~* and the
lowest redox potential of -3.04 V vs. a standard hydrogen electrode.

Nevertheless, it is difficult to form good interfacial contact between LLZO and the electrode
materials because LLZO has a high elastic modulus [6], resulting in high interfacial resistance and
preventing the practical application of LLZO as a promising solid electrolyte [7]. Recently, a great
effort has been made to decrease the interfacial resistance between LLZO and the Li metal anode
[8-9]. For instance, the LLZO/Li interfacial resistance can be effectively reduced by introducing a
thin Au or Al>Os interlayer [10-11]. Good contact between LLZO and Li metal can also be
achieved by high pressure and heating because Li metal is ductile and has a relatively low melting
point of 180.5 °C [12]. In contrast, much less effort has been devoted to reducing the interfacial
resistance between LLZO and the cathode materials [13]. Although good interfacial bonding
between LLZO and LCO can be achieved by co-sintering [14], LCO decomposes at temperatures
greater than 900 °C [15]. A convenient way to decrease the interfacial resistance is to introduce a

small amount of liquid electrolyte to wet the cathode/solid electrolyte interface.
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Moreover, developing an ionic liquid-containing LCO cathode is an effective way to reduce the
cathode/solid electrolyte interfacial resistance [16-17]. Polymer-in-LLZO flexible sheet
electrolytes were also proposed to increase the physical contact between solid electrolytes and
cathodes [18-19]. However, introducing a liquid electrolyte or applying a polymer-based
electrolyte to reduce the interfacial resistance will compromise battery safety. As a result, Han et
al. suggested a new approach to lower the interfacial resistance between LLZO and LCO by
thermally soldering LCO and LLZO together through an in-situ-formed ceramic interlayer [20].
Aerosol deposition (AD) is a room-temperature ceramic coating technology that deposits cathode
films on ceramic solid electrolytes [21-22]. An illustration of the AD system in this study is shown
in Figure 7.1a. Accelerated cathode particles are cracked and deformed after hitting the ceramic
substrate (Figures 7.1b and c). The high surface energy generated by particle fracture or plastic
deformation is likely to be the driving force for the densification of the fine particles at room
temperature [23]. However, ceramic-based all-solid-state Li metal batteries prepared by AD
usually degrade rapidly with cycling, which is very likely due to the mechanical degradation of
the electrode-solid electrolyte interface [24]. Since the cathode particles are mechanically bound
to the ceramic solid electrolyte, and both the cathode and electrolyte materials are brittle, the stress
generated by the expansion and contraction of LCO during cycling can lead to the cracking of the
electrode-solid electrolyte interface. Thus, the electrode-solid electrolyte interface prepared by AD
requires further engineering, such as thermally soldering LCO and LLZO together with LizBO;
(LBO), a mechanically soft solid electrolyte with a relatively low melting point of about 700 °C

[25].
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Figure 7.1 llustration of the AD process. (a) The AD system, (b) Solder-coated cathode particles
bombarding an LLZO substrate, (c) As-deposited cathode layer, where the particles are cracked
and deformed, (d) Heat-treated cathode layer, where the void spaces are filled by the LBO solder

after heating.
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Here we deposited an LBO-LCO cathode film on an Al-doped LLZO substrate at room
temperature by aerosol disposition (AD). Upon heating, the voids between the LCO particles and
the voids between the LCO cathode layer and the LLZO substrate were filled by LBO, which was
pre-coated on the LCO particles (Figure 7.1d). The all-solid-state Li/LLZO/LBO-LCO batteries
showed relatively high-capacity retention above 87% after 30 cycles at 0.2 C and 60 °C, better
than any previously reported results for aerosol-deposited all-solid-state Li metal batteries. We
also attempted to study the cell degradation mechanism by EIS and found that the decrease in cell
degradation was mainly related to the increase of the LBO/LCO interfacial resistance, which was

most likely caused by electromechanical cracking of the interface during cycling.

7.3 Experiment
7.3.1 Synthesis of LiCoO2 (LCO)

The LCO powder was synthesized through a sol-gel method using lithium acetate (C2H3LiOo,
98.0%, FUJIFILM Wako Pure Chemical Corporation, Japan) and cobalt acetate tetrahydrate
(C4HeC004-4H20, 99.0%, FUJIFILM Wako Pure Chemical Corporation, Japan) as starting
materials. The starting materials were dissolved in water to form a solution in which citric acid
(CsHgO7, 99.0%, Kanto Chemical Co., Inc., Japan) was added as a chelating agent for gelation.
The solution was stirred at 80 °C for 1 h and dried to a solid mixture at 120 °C. The obtained solid
mixture was calcined at 400 °C for 9 h in air, followed by sintering at 800 °C for 8 h in air to
produce a crystalline LCO powder. The XRD pattern of the synthesized LCO powder is shown in

Figure 7S1.
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7.3.2 Synthesis of LisBOs3 (LBO)

The LBO powder was synthesized by heating mixtures of Li.CO3z (99.0%, FUJIFILM Wako
Pure Chemical Corporation, Japan) and B203 (95%, Kanto Chemical Co., Inc., Japan) in a molar
ratio of 3:1 at 600 °C for 10 hin air. The LBO powder was further pulverized (to reduce the average
particle size to less than 1um) by ball milling (400 rpm, 10 min milling followed by a 20 min pause
to avoid overheating, repeated 99 times). Figure 7S2 shows the XRD pattern of the synthesized

LBO powder.

7.3.3 Synthesis of Al-LLZO

The Al-doped LLZO powder was prepared by a solid-state reaction method. Starting materials
of LiOH-H20, La(OH)3, and ZrO, powders were mixed by ball-milling and calcined at 900 °C for
15 h. After mixing with a y-Al,O3 powder, the calcined powder was compacted and sintered at 900
°C for 3 h and then at 1200 °C for 24 h. The molar ratio of LiOH-H20O, La(OH)3, ZrO2, and y-
Al>03 was 6.9: 3.0 : 2.0: 0.125. The XRD pattern of the synthesized Al-doped LLZO pellet shows
a cubic structure (Figure 7S3). An optical image of the Al-doped LLZO pellet is shown in Figure
7S4a, and an SEM image of a fracture surface is shown in Figure 7S4b. The relative density of the

LLZO pellet was about 95%, determined by measuring its weight and dimensions.

7.3.4 Aerosol Deposition

A mixture of the LBO and LCO powders in a mass ratio of 3:7 was ball-milled at 400 rpm for
30 min, following calcination at 800 °C for 2 h in air. The LBO-coated LCO was transferred into
the deposition chamber, which was evacuated by a rotary pump to 80 Pa. The diameter of the
nozzle hole was 1 mm, and the deposition area on the LLZO substrate was 0.785 cm?. The distance

between the LLZO substrate and the nozzle was 40 mm. The Ar gas pressure was set to 0.6 MPa.
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The optimal particle size for AD was found to be about 0.1 to 10 um. The amount of LBO-LCO
deposited on the LLZO substrate was determined from the weight increase of the LLZO substrate
after aerosol deposition. The LLZO substrate coated with the LBO-LCO composite cathode layer
was further heated at 750 °C for 2 h in air to increase the interfacial contact between the LBO-

LCO cathode and the LLZO substrate.

7.3.4 Materials characterization

The crystal structure was analyzed by X-ray diffraction (XRD, Rigaku SmartLab). The
microstructure was analyzed by a scanning electron microscope (SEM, JSM-6490A). The element
distribution at the LBO-LCO/LLZO interface was investigated by energy-dispersive X-ray
spectroscopy (EDS). An in-situ electrochemical cell was designed for continuously monitoring the
microstructure evolution of the cross-section of the LBO-LCO/LLZO interface region during

cycling.

7.3.5 Electrochemical measurements

AC electrochemical impedance spectroscopy (EIS) was performed in the frequency range from
7 MHz to 0.1 Hz at 25-60 °C (Biologic SP-300, France). The amplitude of the perturbation was
10-50 mV. The EIS spectrum of the Al-doped LLZO pellet is shown in Figure 7S5a, and the
Arrhenius plot is shown in Figure 7S5b. Galvanostatic cycling of the all-solid-state Li/Al-doped
LLZO/LBO-LCO cells was carried out at 0.2 C and 60 °C with a cut-off voltage range of 2.8 to
4.3 V. The configuration of the all-solid-state cell is illustrated in Figure 7S6a. A UFO-shaped
battery testing apparatus was designed and built for the cycling test, as shown in Figure 7S6b. The

EIS data were fitted to equivalent electrical circuit models with the EC-Lab software.
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7.4 Results and discussions
7.4.1 SEM micrograph of the LLZO/LBO-LCO interface area
An SEM image of the pristine LCO powder synthesized by a sol-gel method is shown in Figure

7.2a. The particle size is in the range of 0.5-3.0 um, and the surface is clean. The LCO powder has

a trigonal structure with R3m symmetry, as confirmed by X-ray diffraction (Figure 7S1). On the
other hand, the LBO powder synthesized by a solid-state reaction shows a monoclinic structure
with P21/c symmetry (Figure 7S2). The LCO particle was coated by LBO (Figures 7.2b and c)
through ball milling and heat treatment (800 °C). The mass ratio between LCO and LBO in the
composite LCO-LBO cathode material is 7:3. It should be noted that LBO became amorphous-
like after ball milling (Figures 7.2c and 7S7).

The LBO-LCO powder was deposited onto a cubic LLZO (Figure 7.S3) substrate by AD at
room temperature. The interfacial contact between LBO-LCO and LLZO was further improved
following heat treatment at 750 °C for 1 h (Figure 7.2d). The cubic LLZO with a relative density
of about 95% was prepared by a solid-state reaction and pressureless sintering in air (Figure 754).
The thickness of the deposited composite cathode layer is generally in the range of 4 to 8 pum,
while it is also possible to deposit much thicker cathode films (e.g., a 25 um-thick film, Figure
7S8) on LLZO by AD. Figures 2e and f show the energy-dispersive X-ray spectroscopy (EDS)
mappings of oxygen and cobalt at the LBO-LCO|LLZO interface region, indicating good

interfacial contact was achieved.
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Al-LLZO

Figure 7.2 SEM micrographs of the LBO-LCO/LLZO interface. (a) As-synthesized LCO powder,
(b) LBO-coated LCO powder, (c) High-resolution SEM image of the circled area in (b), (d) LBO-
LCO cathode layer deposited on LLZO by AD at room temperature, following heat treatment at
750 °C for 1 h, (e) Element mapping of oxygen at the LBO-LCO/LLZO interface area, (f) Element

mapping of cobalt at the LBO-LCO/LLZO interface area

7.4.2 Galvanostatic cycling profiles of the Li/LLZO/LBO-LCO cell

Figure 7.3 shows the galvanostatic cycling profiles of the Li/LLZO/LBO-LCO cells at 0.2 C
and 60 °C. The cut-off voltage range was 2.8 to 4.3 V. As shown in Figure 7.3a, the ceramic-based
all-solid-state cell delivered a high initial discharge capacity of 123 mAh g*. The LBO-LCO
cathode layer was relatively thin (5.6 um in thickness), and the corresponding loading of the LCO

active material was about 1.1 mg cm. The all-solid-state Li metal cell showed relatively high-
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capacity retention of above 84% after 30 cycles (Figure 7.3b), better than any previously reported
results for aerosol-deposited all-solid-state Li metal batteries with a ceramic electrolyte [21, 24,
26]. The cell performance was further improved when the thickness of the LBO-LCO cathode
layer was decreased from 5.6 to 4.3 um because of reduced overall cell resistance. The initial
discharge capacity increased to 128 mAh g* (Figure 7.3c), and the capacity retention after 30
cycles increased to 87% (Figure 7.3d). The voltage profile of the all-solid-state cell at different
current densities is shown in Figure 3e. The cell cycling performance was sensitive to current
density, and well-defined plateaus were only observed at current densities less than 0.5 C. The
discharge capacities were 126.3, 114.2, 95.1, 73.8, and 51.6 mA h g when the current densities
were 0.1 C, 0.2 C,0.5C, 1 C, and 2 C, respectively. However, the discharge capacity recovered
promptly to 110.1mAh g* when the C rate returned to 0.1 C, indicating a relatively high cycling
capability at various C rates. It is worth mentioning that the Li/LLZO/LBO-LCO cell cannot be
reversibly cycled without LBO. The LBO coating was critical for the functioning of the all-solid-

state cell.
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Figure 7.3 Galvanostatic cycling performance and rate capability of the Li/LLZO/LBO-LCO cell

at 60 °C. (a) and (b) Cycling performance. The LBO-LCO cathode layer is 5.6 um thick, and the

LCO active material loading is 1.1 mg cm?, (c) and (d) Cycling performance. The LBO-LCO

cathode layer is 4.3 um thick, and the LCO active material loading is 0.84 mg cm™, (e) and (f)

Rate capability. The LBO-LCO cathode layer is 4.3 um thick, and the LCO active material loading

is 1.0 mg cm.
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7.4.3 EIS analysis of the Li/LLZO/LBO-LCO cell

To understand the degradation mechanism of the all-solid-state Li/LLZO/LBO-LCO cell, EIS
was performed at 10% state-of-charge (SOC) in the frequency range from 3 MHz to 0.1 Hz at 60
°C (Figure 7.4). The amplitude of the perturbation was 50 mV. The physical configuration of the
all-solid-state Li/LLZO/LBO-LCO battery is illustrated in Figure 7.4a, where the Au interlayer is
introduced to improve the interfacial contact between the battery components.
EIS is an electrochemical technique to measure a system's static or dynamic impedance by
monitoring the current response as a function of the applied AC potential [27-28]. Regardless of
galvanostatic or potentiostatic conditions, the ac signal is sinusoidal. The impedance Z () is a

frequency-dependent complex number [29-30]:

Z(w) = % = ‘;—mej‘b = ‘I/—m [cos(@) + jsin(@)] = Z, cos(@) + jZ,sin (D) (7.1)
V = V,sin (wt) (7.2)
I = I,;sin (wt — ©) (7.3)

where j=V—1 is the imaginary unit, ®=2717 f'is the angular frequency of the applied AC voltage, f

is the AC frequency, Vm is the maximum value of V; and /i is the maximum value of /. Typical
impedance spectra consist of both resistive (R) and capacitive (C) components, and the resistance
consists of both electronic and ionic resistance. The impedance data is commonly plotted in two
ways: (1) a Nyquist plot that shows the resistance along the real or x-axis and negative reactance
(such as capacitance) along the imaginary or y-axis; (ii) a Bode plot that shows the logarithm of
the frequency along the x-axis, and the logarithm of the impedance Z along one y-axis and the
phase shift along the second y-axis. The Nyquist plot is very sensitive to changes and useful for

analyzing the possible reaction mechanisms in the electrochemical system. In contrast, the Bode
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plot is advantageous for observing phase margins when the system becomes unstable because all

information can be visible [29].
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Figure 7.4 EIS analysis of the degradation mechanism of the Li/LLZO/LBO-LCO cell. (a)

[llustration of the all-solid-state cell configuration, (b) An ideal equivalent electrical circuit of the

cell, (¢) EIS spectrum of the cell before cycling, (d-g) EIS spectra at 10 % of SOC during the 1%,

10%, 20" and 30" charging processes, respectively, (h) Logarithm of the total impedance vs. the
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logarithm of the frequency (the Bode plot is shown in Figure 7S9), (i) Evolution of the resistance
components with cycling. In particular, the interfacial resistance between LBO and LCO (RrBo/Lco)

increased significantly with cycling.

An ideal equivalent electrical circuit of the Li/LLZO/LBO-LCO cell is shown in Figure 7.4b.
Since the resistance of the current collectors, the Au interlayers, and the LLZO electrolyte bulk are
free of correlation with capacitance or inductance, they can be combined into an overall bulk
resistance of Ryuik. In addition, only one inclined tail about 45° to the x-axis at the low-frequency
region represents a Warburg element, which describes a diffusion-controlled process. Similarly, all
the Warburg resistances can be combined into an overall Warburg resistance of Wiarburg to minimize
the equivalent circuit elements for practical impedance analysis. A simplified equivalent circuit is
shown in Figure 7.5a. The Nyquist plot before cycling is shown in Figure 7.4c, which shows only
a high-frequency distorted semicircle and a low-frequency tail characteristic. The total resistance
of the cell was about 115 Q, corresponding to an area-specific resistance (ASR) of 90 Q.cm?. After
charging, the ASR decreased significantly to 65 Q.cm? because of the reduced overall charge
transfer resistance R (Figure 7.4d). Thus, the interfacial contact between LBO-LCO and LLZO
was improved after the initial charging process. In addition, three poorly resolved arcs are observed
in the frequency domain from 3 MHz to 8 Hz, which can be assigned to the interfacial resistance
between Li-Au and LLZO (RLi-auw1L70), that between LLZO and LBO (RLLzo/1B0) and that between
LBO and LCO (RiBo/co), respectively. This is because cubic LLZO has much higher ionic
conductivity (about 10* S cm™ @25 °C) than LBO (about 10° S cm™ @ 25 °C). As a result, Li-
ions are supposed to transport much faster through the Li-Au/LLZO interface than through the
LBO/LCO interface. The arc at the high-frequency region, which corresponds to a simplified RC

Randles equivalent circuit (a resistor and a capacitor in parallel), is the response of the Li-
155



Chapter 7

Au/LLZO interface. On the other hand, the arc at the low-frequency region is the response of the
LBO/LCO interface. The simulated spectrum based on the simplified equivalent electrical circuit
(Figure 7.5a) agrees well with the measured spectrum. Similarly, the EIS spectra after 10 cycles,
20 cycles, and 30 cycles (as well as the corresponding simulated spectra) are shown in Figures 4e,
f, and g, respectively. The overall ASR of the cell increased rapidly with cycling, which is also
reflected in Figure 7.4h. In particular, the Rigo/co increased significantly with cycling, while the
Ryvuk and Riiawrrzo (Figure 7S10) were almost unchanged after 30 cycles (Figure 7.41). Besides,
the RiLzonBo increased gradually with cycling. The increase of Riporco is very likely related to
the electromechanical degradation of the LBO/LCO interface caused by the insertion and
extraction of Li-ions into and from LCO:
LiCoQO2 $Co02 + Li" + & (7.4)

Similarly, the increase of Rrrzongro is likely caused by electromechanical degradation of the
LLZO/LBO interface. All the impedance parameters used for the equivalent electrical circuit
modeling are listed in Table 7.1.

Table 7.1 Impedance parameters obtained by using the impedance fitting tool of ZFit available in

EC-Lab. The value of the y* distribution for the fitting is in the range of 0.9 to 3.0.

lement Roulk Riiavizo  Ruzoneo RieoiLco Quiavizo  Quizoneo Queonco  Wwarbug
Cyc (Q.cm?)  (Q.cm?) (Q.cm?) (Q.cm?) (F.s™D) (F.s™D) (F.s™D) (Q.5°9)
1¢t 30.0 19.2 10.8 7.2 njcli_?%%e njgé(;%z nzgﬁf 4 1434
10" 300 192 112 134 B e Sowes 1708
20 317 21.8 13.0 19.0 o :15;3013; A n=5(Ii-705%7 nzg_g’gﬂ 19.41
30" 30.0 19.2 13.1 21.0 1E-03 2E-06 1£-04 21.27

n=0.6692 n=0.8611 n=0.6160
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Note: Q stands for constant phase element or CPE, used for modeling the behavior of a double
layer that is an imperfect capacitor. For practical impedance analysis, Rcu, Roulk LLz0, RAu, and Rai
are combined into Rpuk. The Warburg resistances of Wiiawirzo, Wirzoiso, and Wisorco are

combined into Wwarburg, as shown in Figure 7.5a.

In-situ SEM was performed to verify the crack evolution mechanism discussed above.
Simulation results based on the simplified electrical circuit shown in Figure 7.5a suggested that
the interfacial cracking between LBO and LCO was the primary degradation mechanism of the
Li/LLZO/LBO-LCO cell with cycling. The pre-existing cracks (Figure 7.5b) become larger and
deeper after the initial charging (Figure 7.5c) and discharging (Figure 7.5d), as indicated by the
arrowheads in Figures 7.5b-d. In addition, as expected, crack growth is more likely to occur at
higher charging voltages. The crack in Figure 7.5e becomes slightly larger as the voltage increases
from 3.5 to 4.2 V (Figures 7.5e-g).

On the other hand, no visible cracking was observed between the LBO/LLZO interface,
probably because the degree of the interfacial cracking was less severe. Another possibility
accounting for the increase of Rrrzoiso might be due to the potential reaction between LBO and
LLZO. Thus, identifying a more suitable solder material than LBO is critical for developing all-

solid-state Li/LLZO/LCO batteries.
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Figure 7.5 In-situ SEM analysis of the degradation mechanism of the Li/LBO-LCO/LLZO cell.
(a) A simplified equivalent electrical circuit of the one shown in Figure 7.4b, (b), (¢), and (d) Cross-
sectional SEM images showing the crack evolution in the LBO-LCO/LLZO interface region
before charging, after charging to 4. 2V and after discharging to 2.8 V, respectively, (e), (f), and
(g) Cross-sectional SEM images showing the crack evolution in the LBO-LCO/LLZO interface

region after charging to 3.5V, 4.05V, and 4.2 V, respectively.

158



Chapter 7

7.5 Conclusions

All-solid-state Li/LLZO/LBO-LCO cells were prepared by aerosol deposition, and the cell
degradation mechanism was investigated by electrochemical impedance spectroscopy. LBO-LCO
cathode films were deposited onto an Al-doped LLZO ceramic substrate at room temperature. LCO,
the active material, was 70 wt% in the LBO-LCO cathode layer, while LBO functioned as a Li"-
conducting solder that joined the LCO particles to the LLZO substrate at heating. The LBO coating
was critical for the functioning of the all-solid-state Li/LLZO/LBO-LCO cell. The all-solid-state
Li/LLZO/LBO-LCO cell delivered a high initial discharge capacity of 128 mAh g at 0.2 C and
60 °C. Moreover, it demonstrated high-capacity retention of 87% after 30 cycles, possibly
representing the best available results for all-solid-state Li metal batteries with ceramic oxide
electrolytes.

Based on the EIS analysis results, the cell degradation was mainly due to the increased
LBO/LCO interfacial resistance. In-situ SEM analysis further confirmed the hypothesis that the
interfacial cracking of the LBO/LCO interface was the main reason for the cell degradation upon
cycling. Electrochemical impedance spectroscopy has been demonstrated here to be a powerful
non-destructive in-situ technique that can monitor a battery's impedance evolution at different

stages and provide insights into the cell failure mechanism.
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Figure 7 S1 XRD pattern of the synthesized LiCoO2 (LCO) powder, which has a trigonal

crystalline structure with R3m symmetry. The particle size is about 0.5-3.0 pm.
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XRD pattern of LBO
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Figure 7 S2 XRD pattern of the synthesized LisBOs (LBO) powder, which has a monoclinic

crystalline structure with P2:1/c symmetry. The average particle size is less than 1.0 um.
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Figure 7 S3 XRD pattern of the sintered Al-doped LizLasZr.012 (LLZO) pellet, which has a cubic

crystalline structure with la3d symmetry.
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Figure 7 S4 Optical and SEM images of the high-temperature sintered Al-doped LLZO pellet. (a)
An optical image, (b) An SEM cross-sectional image. The relative density of the pellet is estimated

to be about 95%.
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Figure 7 S5 EIS and Arrhenius spectra of the Al-doped LLZO pellet. (a) EIS spectrum of the
synthesized Al-doped LLZO pellet at 25-30°C from 3 MHz to 0.1 Hz. The pellets' thickness was

400-500 pm, and the ionic conductivity was about 3.6 x 104 S cm™ at 30 °C, (b) Arrhenius

conductivity of the Al-doped LLZO pellet.
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Figure 7 S6 Cell configuration. (a) Configuration of the LBO-LCO/AIl-doped LLZO/Li cell, (b) A

UFO-shaped battery apparatus designed and built for the cycling test.
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Figure 7 S7 XRD pattern of the LBO-coated LCO, in which the LBO has been ball milled. The

degree of crystallinity of the synthesized LBO is significantly reduced after ball milling.
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Figure 7 S8 A cross-sectional SEM image of a 25 um-thick LBO-LCO film deposited on Al-doped

LLZO by aerosol deposition at room temperature.
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Figure 7 S9 Bode plots of the Li/Al-LLZO/LBO-LCO cell at 10% SOC during the first and 30"

charging processes.
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