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There is every-growing clean energy storage systems demand to address the climate change
challenges. The Lithium-Sulfur (Li-S) battery using solid-state electrolyte (SSE), therefore, are
becoming a rising star to meet this requirement due to the low cost and high domestic availability
of sulfur, exceptionally high theoretical energy density of sulfur chemistry, less flammability, the
potential for suppression of the polysulfide shuttle, Li dendrite growth, low coulombic efficiency,
and short circuiting in more conventional liquid electrolyte Li-S batteries. The most popular SSEs
in Li-S battery field are Lii0GeP2S12 (LGPS) and Li stuffed garnet type LizLasZr2012 (LLZO) with
a space group of Ja3d. LGPS has a high ionic conductivity of 1-10 mS/cm at room temperature
(22°C), but the generation of H»S toxic gas when reacting with moisture and the instability with Li
metal limit its applications. LLZO is a highly promising SSE for Li-S batteries due to its reasonably
high ionic conductivity (0.1-1 mS/cm) at 22°C and excellent chemical stability with Li metal.

However, Li dendrite growth is still observed in LLZO. To overcome the potential Li dendrite



growth issue, our group introduced a novel 3D porous/dense bilayer and porous/dense/porous
trilayer LLZO structures that achieve an exceptional Li stripping/plating performance at a high
current density of 10 mA/cm? at 22°C with no applied pressure. Although significant improvement
has been done in mitigating the LLZO/Li anode interface, further work on stabilizing the
sulfur/LLZO interface still needs to be done to achieve high energy density and stable cycling Li-
S batteries.

Through the studies in this dissertation, it was observed that La segregation to the LLZO
surface on the sulfur cathode side led to Li-S battery charge failure. To address the issue, a PEO-
based interlayer was applied on the cathode side to physically separate sulfur cathode and LLZO.
Consequently, the Li-S batteries demonstrated a high initial discharge capacity of 1307 mAh/g at
22°C, corresponding to an energy density of 134 Wh/kg and 639 Wh/L. Next, since the PEO-based
interlayer has a low ionic conductivity, an in-situ formed gel polymer electrolyte (GPE) was
invented as a catholyte that had a high ionic conductivity of 3.5-5.6 mS/cm at 22°C. With an
organic sulfur cathode (active material: sulfurized polyacrylonitrile) and a thin bilayer LLZO
architecture, a very stable cycling using high sulfur loading (5.2 mg/cm?) was obtained for 60
cycles at a discharge current density of 0.87 mA/cm? with a high initial discharge capacity of 1542
mAh/g, corresponding to an energy density of 223 Wh/kg and 769 Wh/L. In addition, using the
same configuration and sulfur loading but using a different cell, 80% capacity retention for over
265 cycles was demonstrated at a discharge current density of 1.74 mA/cm? at 22°C. In the third
project, as a small amount of flammable organic liquid catholyte and/or GPE compromises on the
safety of solid-state batteries, the proof-of-concept “all-solid-state” Li-S battery using LLZO
electrolyte was first innovated through a novel three-phase sulfur cathode to meet the high safety

demand of solid-state Li-S batteries. In addition, by using the same “all-solid-state” battery design



and a 3D column LLZO architecture, a high energy density of 338 Wh/kg and 797 Wh/L was

demonstrated.
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based on initial and average capacities, respectively. The detailed values are quantified

in Table 5.5 with references cited.
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Figure 5.11. The further energy density prediction versus sulfur mass loading by

using the dense layer thickness to be 10 ym in the bilayer Ta-LLZO.

Figure 5.12. The XRD pattern of the IM/2M/3M GPE/bilayer Ta-LLZO after cycling.
All of them showed a pure cubic LLZO phase without impurity.

Figure 5.13. XPS analysis on the electrochemical decomposition between Ta-LLZO
and GPE through XPS. C Is and F 1s spectra of Ta-LLZO charged in 1M GPE and
cycled in 3M GPE. (a) and (b) shows C 1s spectra of 1M GPE and 3M GPE,
respectively. (¢) and (d) shows F 1s spectra of 1M GPE and 3M GPE, respectively. The
same color was used for the same decomposed compounds in C 1s and F 1s spectra for

IM and 3M GPE to be easy for comparison.

Figure 5.14. (a—d) Li Is, S 2p, N 1s, and O Is spectra of Ta-LLZO in 1M GPE having
prolong charged issue. (d—h) Li 1s, S 2p, N 1s, and O 1s spectra of Ta-LLZO cycled in
3M GPE.

Figure 5.15. C 1s, F 1s, Li 1s, S 2p, N Is, and O 1s spectra of Ta-LLZO cycled in 2M
GPE.

Figure 5.16. (a) The SPAN cathode after fully discharged at 1M GPE/bilayer-LLZO
case configuration. (b) The SEM image of pristine SPAN cathode without

electrochemical cycling.

Figure 5.17. The morphology of SPAN cathode after cycling. (a—b). The SPAN
cathode under fully discharged state with an applied discharge current density of 0.87
mA/cm? for 2M, and 3M GPE case, respectively. (c—d). The SPAN cathode after
cycling under fully charged state for 2M and 3M GPE cells, respectively. (e—f) are the
TEM images of SPAN after cycling in fully charged state for 2M and 3M GPE case,
respectively.
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Figure 5.18. The morphology of SPAN cathode before and after cycling regarding
SPAN particles and SPAN cathode coated on carbon fibers. (a). The pristine SPAN
particles. (b) and (c) are the SPAN cathode after cycling of 2M/3M GPE/bilayer Ta-
LLZO case, respectively. (e—g) and (h—j) are the SPAN coated on the carbon felt current
collector after cycling of 2M GPE/bilayer Ta-LLZO and 3M GPE/bilayer Ta-LLZO
case, respectively. The scale bar of (e—j) is 5 um. The S and N mapping are
intentionally selected because they are representative elements of SPAN. The SPAN
cathode samples coated on carbon felt were prepared by peeling off the SPAN from the
outer part of the electrode so that the SPAN cathode coated on the carbon felt can be

exposed.

Figure 6.1. The ATR-FITR spectroscopy regarding the thermal stability of LiFSI salt
after the DME solvent is evaporated. Through the spectra, the LiFSI structure maintain
perfectly without any bonding change compared with the pure pristine LiFSI,
indicating there is no thermal runaway behavior happening through the drying

process(2—4).

Figure 6.2. The electrochemical properties of pure LiFSI salt. (a). The Nyquist plot of
a cell configuration of Stainless Steel (SS)/LiFSI/SS measured over the frequency
range of IMHz to 100 Hz and a voltage amplitude of 10 mV at different temperatures.
The figure on the right is the zoomed-in version of the figure on the left. (b). The
experimentally measured ionic conductivity of LiFSI and the ionic conductivity of
other solid-state catholytes reported in literature. Ionic conductivity data for
Li23C0.7B0303 (LCBO), LisPSsCI (LPS-Cl), LisPSsBr (LPS-Br), and LisPSsI (LPS-I)
were extracted from the references(5, 6). (c). The electrochemical stability window of
LiFSI obtained by cyclic voltammetry with a carbon-felt/LiFSI+-NGW™/bilayer-
LLZO/Li-metal cell. The voltage range was 100 mV to 5 V with a scanning rate of 0.1

mV/second.
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Figure 6.3. The schematics of the all-solid-state garnet type Li-S cells enabled by the
novel three-phase cathode and bilayer-LLZO electrolyte architecture. The
SPAN+NGW™-+LiFSI composite cathode was obtained through melting the LiFSI in
the SPAN+NGW™+LiFSI mixture and then cooled.

Figure 6.4. The optical image of three-phase cathode after heat treatment using carbon-

black and NGW™ a5 carbon source.

Figure 6.5. Characterizations of the all-solid-state garnet Li-S cell regarding the
stability between SPAN and LiFSI and the morphology of cathode and cathode/LLZO
interface. (a) and (b) are the XRD and ATR-FTIR pattern of the cathode materials in

different conditions, respectively.

Figure 6.6. Morphology Characterizations of the all-solid-state garnet Li-S cell of the
cathode and cathode/LLZO interface. Cross-section SEM images (a) of the interface
between SPAN+NGW™ cathode and bilayer LLZO, and (b) of the cathode with a cell
configuration of SPAN+NGW™/bilayer-LLZO/Li-metal. Cross-section SEM images
(¢) of the interface between SPAN+NGW™+LiFSI cathode and bilayer LLZO, and (d)
of the SPAN+NGW™+LiFSI cathode. Note that the LiFSI in these SEM images was
simply mixed with SPAN+NGW™ without heat treatment. Cross-section SEM images
(e) of the interface between cathode and bilayer LLZO, and (f) of the cathode with a
cell configuration of SPAN+NGW™-+LIFSI (after heat treatment)/bilayer-LLZO/Li-

metal.

Figure 6.7. The Nyquist plot of a cell configuration of (a) SPAN+NGW™/bilayer-
LLZO/Li-metal. The ASR at both 22°C and 60°C are more than 250,000-ohm c¢cm?. (b)
SPAN+NGW™-+LiFSI mixture (without melting LiFST)/ bilayer-LLZO/Li-metal with
an ASR of 24,500-ohm cm? at 22 °C and 4800-ohm cm? at 60 °C . (c)
SPAN+NGW(TM)+LiFSI composite (after melting LiFSI)/bilayer-LLZO/Li-metal
with an ASR of 1400 ohm cm? at 22°C and 433-ohm cm? at 60°C. The frequency ranges
from 1MHz to 0.5 Hz and a voltage amplitude of 10 mV for all the tests.
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Figure 6.8. The TEM images of the composite cathode: SPAN+NGW™-+LiFSI (after
melting LiFSI).

Figure 6.9. The electrochemical cycling of all-solid-state Li-S cell with a cell
configuration of (a) and (b). SPAN+NGW™/bilayer LLZO/Li metal cells tested at
0.084 mA/cm? at 22°C and 60°C, respectively. (c) and (d). SPAN+NGW™-+LiFSI
(without melting LiFSI)/bilayer LLZO/Li metal cells tested at 0.084 mA/cm? at 22°C
and 60°C, respectively.

Figure 6.10. Electrochemical performance of all-solid-state bilayer LLZO Li-S
cells at 22 °C and 60 °C. (a). The cycling performance tested at 0.084 mA/cm? at 22 °C
over 200 cycles. (b). The rate performance at 60 °C under different current density of
the all-solid-state garnet Li-S cell. 5 cycles were performed for each C-rate. (c) The
voltage profile of the C-rate test. (d) and (e) The voltage profile and cycling
performance of the all-solid-state Li-S cell tested at 60 °C at 0.167 mA/cm?,
respectively. (f). The cycling performance at 60 °C at a high current density of 0.84
mA/cm? (discharge)/0.334 mA/cm? (charge).

Figure 6.11. The all-solid-state garnet Li-S cell using carbon-black as carbon source

and tested at a current density of 0.084 mA/cm? at 22 °C.

Figure 6.12. Electrochemical and morphological characterizations of the all-solid-state
garnet Li-S batteries tested at 0.167 mA/cm?at 60°C (a). Electrochemical performances
of the all-solid-state garnet Li-S battery over the entire cycling. The cell was stopped
at 57th cycle due to a relative fast capacity decay from 41st to 57th cycle (blue region)
compared with the first 40 cycles. (b). The SEM image captured at the composite
cathode (top) and LLZO (bottom) interface of the all-solid-state Li-S cell after cycling.

Figure 6.13. (a). The voltage profile of the all-solid-state garnet Li-S cell tested at 0.84
mA/cm? (discharge current density)/ 0.334 mA/cm? (charge current density) at 60°C
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under a sulfur mass loading of Img/cm?. (b). The SEM image captured at the composite
cathode (top) and LLZO (bottom) interface of the all-solid-state Li-S cell after cycling
of (a).

Figure 6.14. The SEM image of a representee bilayer LLZO with a dense layer
thickness of 45 um and a porous layer thickness of 55 um.

Figure 6.15. High-Energy-Density cell demonstration using 3D column LLZO
architecture. (a) The schematics of 3D column LLZO enabled by direct ink writing.
The column was printed directly onto the dense side of the bilayer LLZO. (b) The SEM
(cross section and top view (insert)) images of the 3D column LLZO and the zoom-in
SEM image of (b) to show the well-sintered bilayer LLZO architecture. The scale bars
are 100 um. (¢) The XRD pattern of the 3D printed column LLZO architecture. (d) and
(e) are the voltage profile and cycling performance respectively of the high-energy-

density cell with a high sulfur mass loading of 7 mg/cm? tested at 60°C.

Figure 6.16. High sulfur loading (7 mg/cm?) all-solid-state garnet Li-S cell enabled by
the 3D LLZO bilayer architecture tested at 60°C with current density of 0.35 mA/cm?.
(a) the cycling performance the all-solid-state garnet Li-S batteries (b). The voltage

profile of the first cycle shown in (a).

Figure 6.17. Energy Density Comparison of the all-solid-state garnet Li-S batteries
with the state-of-art garnet-based Li-S batteries. Note that the solid square/star and open
square/star is for gravimetric energy density and volumetric energy density,

respectively.
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Chapter 1: Introduction to Li-S Batteries

Lithium-Sulfur (Li-S) batteries are secondary/rechargeable batteries.
Historically, the first Li-S battery was invented and patented by Danuta Herbert and
Juliusz Ulam in 1962(7), in which sulfur was used as an active redox material in the
cathode, Li or Li-alloy was used as an anode and a saturated aliphatic amine was used
as an electrolyte. In 1968, Bhaskara(8) improved the Li-S battery chemistry by using
propylene carbonate (PC), y-butyrolactone, dimethylsulfoxide (DMSO), and N,N-
dimethylformamide (DMF) as organic solvents of the Li-S battery electrolyte.
Consequently, the battery obtained an open circuit voltage of 2.35V-2.5V and an
average discharge voltage of ~1.5-1.6V. In 1989, breakthrough work conducted by
Peled et al.(9) demonstrated a primary Li-S battery using dioxolane/ether-based liquid
electrolyte, although the columbic efficiency (CE) is lower than 90%. Dioxolane/ether-
based liquid electrolyte is still among the most popular liquid electrolyte for Li-S

batteries today.

1.1 Why Use Li-S Batteries?

The Li-S battery is becoming a very promising candidate for energy storage
systems, especially when the elemental sulfur (Sg) is used as a cathode active material
and Li metal is used as an anode. Sulfur chemistry has an exceptionally high theoretical
energy density of 2600 Wh/kg and 2800 Wh/L, which is far beyond the energy densities
of state-of-art Lithium-ion (Li-ion) batteries using oxide materials as the cathode and
graphite/oxide materials/Li metal is used as the anode(10—-13). At the same time, the

Li-S battery represents a lower cost and more practical alternative to state-of-art Li-ion
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batteries due to the low cost and high domestic availability of the sulfur material(10—

13).

1.2 Sulfur Cathode Working Principles

There are two types of sulfur cathode reaction pathways. One is named “solid
to liquid to solid” transition behavior while the other one is named “solid to solid”

transition behavior.

1.2.1. Solid-Liquid-Solid Transition

Traditionally, the sulfur cathode undergoes the follow reaction pathways.
During the discharge process, the Sg will be reduced serially to Li>Ss, Li2Se, LizSa,
Li,S,, and finally Li,S. The Li»Sg and Li>Se are called “long-chain” polysulfide, while
the Li2S4 and LixS; are called “short-chain” polysulfide(14, 15). Note that the long-
chain polysulfide is highly soluble in the ether-based liquid electrolyte (which will be
discussed in section 1.4) and generates a liquid semi-product, while all other sulfur
species (Ss, Li2S4, Li2S2, Li2S) are insoluble. That is why this process is called “solid
(Sg) to liquid (Li2Ss, Li2Se) to solid (Li2S4, Li2S», Li2S)” transition process. During the
charge process, the Li>S will be oxidized into Sg and theoretically achieve a specific
capacity of 1670 mAh/g in terms of Sg. Figure 1.1 illustrates the voltage profile of Li-

S batteries undergoing the “solid to liquid to solid” transition.
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Figure 1.1. The schematic of the sulfur cathode working principle through “solid to
liquid to solid” transition(16).

1.2.2. Solid-Solid Transition

In the 21 century, researchers found a new reaction pathway in Li-S batteries
by using organic sulfur compounds such as sulfurized polyacrylonitrile (SPAN), small
sulfur molecules(12, 13), and modifying the organic liquid electrolyte(17, 18). During
the discharge process, instead of reducing Sg to long-chain polysulfide and then to
short-chain polysulfide and finally to LixS, the “solid to solid” transition process
reduces Sg to short-chain polysulfide and to Li>S or directly to Li>S without producing
soluble long-chain polysulfide. During the charge process, the Li,S is oxidized directly
to Sg. Since there is no soluble sulfur species in the organic liquid electrolyte and all
the generated products are solid species, this reaction pathway is defined as the “solid

to solid” transition(19) shown in Figure 1.2.
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Figure 1.2. The schematic of the sulfur cathode working principle through “solid to

solid” transition(19).

1.3 Anodes for Li-S Batteries

Generally, any material with a lower reduction potential than sulfur cathode
could be used as an anode for a Li-S battery. The most popular anodes currently used
for Li-based batteries are Li metal, graphite, and Lithium titanate (LTO). However,
graphite and LTO are not commonly used for the Li-S battery. The graphite anode does
not natively contain lithium and must be paired with a lithiated cathode such as LixS
which requires huge activation process(20). In addition, the specific capacity of
graphite (372 mAh/g) is less than 1/10™ the specific capacity of Li metal (3860 mAh/g),
so a large mass of graphite must be used to match the sulfur cathode capacity and the
battery energy density will be greatly reduced. For the LTO anode, the reduction
potential of LTO (~1.5V vs. Li*/Li)(21) is very close to the average discharge voltage
of the sulfur cathode (1.7V to 2.1V vs. Li"/Li)(22-24), and the specific capacity of LTO

(175 mAh/g) is even lower than graphite. While LTO does not require a lithiated



cathode, a Li-S battery using a LTO anode will have very low energy density. Therefore,
Limetal is a the most promising material for Li-S batteries due to its exceptionally high
specific capacity which will lead to high-energy-density battery designs.

As mentioned in 1.3.1, although Li metal anode can lead to a high-energy-
density battery design, it is limited by the possibility of Li dendrite growth issue(25),
which causes battery shorting failure issues especially when testing the battery under
high current density. In addition, the Li dendrite growth has been observed in both

liquid electrolyte(26, 27) and solid-state electrolytes (SSEs)(28-31).

1.4 Organic Liquid Electrolytes

The most popular organic liquid electrolyte currently used in the Li-S batteries
is 1M Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-Dioxolane (DOL)
and 1,2-Dimethoxyethane (DME) with LiNOs3 additive. The LiNO; additive mitigates
the long-chain polysulfide shuttling effect(32, 33), which is illustrated in the “solid to
liquid to solid” transition reaction pathway. When the long chain polysulfides dissolved
into the organic liquid electrolyte, it will generate a concentration gradient between the
cathode and the anode. This concentration gradient drives the long-chain polysulfides
to diffuse from the cathode to the anode, after which they react with the Li metal anode
to form insulating short-chain polysulfide and Li.S on the Li metal surface(34). During
the charge process, those deposited sulfur species will simultaneously be
electrochemically delithiated and lithiated on the Li metal surface, leading to
abnormally large charge capacities, CE and fast capacity decay(35-39).

The majority of organic liquid electrolyte are highly flammable and does not

prevent Li dendrite growth, although evidence in reducing the flammability and risk
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of Li dendrite growth have been shown in highly concentrated electrolyte and
fluorinated electrolytes(17, 18, 40, 41). Therefore, solid-state electrolytes to replace
with organic liquid electrolyte to achieve safer Li-S batteries are among the most

popular research areas recently.

1.5 Solid-State Electrolytes for Li-S Batteries

There are two main categories of SSEs used in Li-S batteries: polymer-based
electrolyte and ceramic-based electrolyte. Although polymer-based electrolytes are
flexible, light weight and are of low cost, they still possess safety issue because of their
flammable nature and tendency to propagate Li dendrite growth(42). Only the most
popular ceramic-based SSEs are discussed here which are sulfide-based SSEs and

oxide-based SSEs.

1.5.1. Advantages and Disadvantages on Sulfide Electrolytes

Sulfide-based SSEs have a very high ionic conductivity at room temperature
(RT) in the range of 1-10 mS/cm(5, 43—45) and they are the most thermodynamically
compatible with the sulfur cathode(46—48). However, the disadvantages of sulfide-
based SSEs for Li-S batteries are(48, 49): (1) they are very moisture sensitive and will
react with H2O to generate H>S, which will cause severe environmentally issues if the
batteries are not properly sealed; (2) they require an extremely high stacking pressure
for battery operation; and (3) they show poor electrochemical stability against Li metal.
The disadvantages of sulfide-based SSEs make it difficult to scale solid-state Li-S

batteries to commercially relevant levels on the current techniques.



1.5.2. Advantages and Disadvantages on Oxide Electrolytes

There are a wide variety of oxide-based SSEs. For example, the lithium super
ionic conductor (LISICON) exhibits a high ionic conductivity, but it is not stable
against Li metal(50). The lithium phosphorus oxynitride (LiPON) is a typical thin-film
type SSE that is stable with Li metal(51), though large scale production is
expensive(52). The perovskite-type Li-ion conductor shows a wide electrochemically
stability window, but it has a low ionic conductivity of 10~ S/cm at RT and it is not
stable against Li metal. Garnet-type SSE (garnet electrolyte), such as cubic
LisLazZr012 (LLZO), is the most stable SSE against Li metal(53) and has high ionic
conductivity (up to 10-* S/cm at RT)(54, 55). As LLZO shows the most stability against
Li metal compared with all other types of SSEs, it is the most ideal candidate for solid-

state Li-S batteries using Li metal anodes.

1.6 Challenges of Li-S Batteries Using Garnet Electrolytes

Although the garnet electrolyte shows excellent chemical stability with Li metal,
Li dendrite growth is still observed, likely due to Griffith flaws in the garnet electrolyte
surface(56) that facilitate for interfacial cracking. This Li dendrite growth issue in
garnet electrolyte was well resolved by our group using unique porous/dense/porous
LLZO “trilayer” and dense/porous LLZO “bilayer” architectures(57-59). These
electrolyte architectures significantly increased the electrode/electrolyte interfacial
area and enabled an exceptionally high areal current density of 10 mA/cm? in a Li-Li

symmetric cell without applied pressure(57). Although significant improvement has



been done in modifying the LLZO/Li anode interface(60—64), further work on

stabilizing the sulfur/LLZO interface still needs to be done.



Chapter 2: Characterization Techniques

To comprehensively understand battery failure mechanisms and achieve stable
cycling performance and high energy density, it is critical to characterize the physical,
chemical, and electrochemically properties of the battery materials. X-ray diffraction
(XRD) is a powerful tool to characterize crystal phase structure and phase purity of a
given material. X-ray Fluorescence (XRF) is a non-destructive analysis tool to
determine the elemental composition of a given material. SEM visualizes the
morphological and topographical properties of materials, which is enhanced by EDX
to visualize the elemental distribution for a given material. X-ray photoelectron
spectroscopy (XPS) analyzes interfacial chemistry and is used to identify interfacial
decomposition products that form during battery cycling. Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) analyzes the 3D elemental distribution of a
material at/below the material surface. Transmission Electron Microscopy (TEM)
visualizes the morphology, topography, elemental distribution, and phase distribution
of materials at nano-sized scales (<50 nm). Attenuated total reflection-Fourier
transform infrared spectroscopy (ATR-FTIR) identifies the bonding vibrations of
molecules and functional groups in a sample. Elemental analysis is specifically used
to confirm the carbon (C) and nitrogen (N) content in the SPAN material.
Electrochemical characterization of the batteries was carried out using galvanostatic
and potentiostat programs, electrochemical impedance spectroscopy (EIS), and Cyclic

Voltammetry (CV). This chapter will outline the fundamental working principles of



these characterization tools. All detailed parameters of characterization experiments

will be discussed in section 4.

21 XRD

In 1913, the well-known Bragg’s Law(65) (equation 2.1) was introduced to
interpret the diffraction peaks created by constructive interface of X-rays reflected off
parallel crystal planes in a given material.

nXA=2d X sinf (2.1)
Where n is the diffraction order (measured in integer numbers), A is the wavelength
of the incident/reflected X-ray, d is the interspacing between the two parallel crystal
planes reflecting the X-ray, and 0 is the diffracted angle on a given crystal plane.
When two parallel X-rays with a well-defined A are reflected by two parallel atomic
planes with an interspacing of d, the deeper beam travels an extra distance of
2d X sinf if the two beams are in phase and will experience constructive interference.
Since the wavelength A of the X-ray source is fixed, the diffraction angles 6 of the
various diffraction peaks are used to obtain the corresponding interspacing d, which

are then used to identify the crystal phase and calculate the lattice parameter(s).

2.2 XRF

When high-energy X-rays (higher than the binding energy of an atom,
typically higher than the binding energy of K or L shell in an atom) irradiate samples,
the electron of an atom in the sample will be dislodged. The electron vacancy left will
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be filled by another electron from a higher energy orbital shell of that atom. This
electron dropping off behavior from high energy state to low energy state releases a
fluorescent X-ray. The XRF measures this energy to determine the elemental

composition in a sample.

2.3 SEM and EDX

When a high energy (up to 40 keV) electron beam hits a sample under vacuum,
secondary electrons, back scattered electrons, and characteristic X-rays are generated
that are collected by the SEM detectors. These collected signals are translated into
images representing the morphological and topographical properties of the samples.
Secondary electrons are generated when the incident electron beam interacts with the
electron cloud of the sample atoms and transfers enough energy to eject some of these
bound electrons. Higher energy bound electrons then relax to fill the resulting
unoccupied electron states, releasing characteristic X-rays in the process. The
characteristic X-rays are used to identify different elements inside the sample, which is
the working principle of EDX. Elemental mapping of EDX can provide spatial
distributions of different elements in the samples. Back scattered electrons are
generated when electrons from the incident electron beam repeatedly scatter off the
electron clouds of the sample atoms and are eventually redirected back out of the
sample. Scattering occurs more often when interacting with larger atomic number
elements with more bound electrons and sample regions of higher atomic density, so

back scatter electrons are used to visualize the mass density distribution of the sample.
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2.4 ToF-SIMS

ToF-SIMS is a surface-sensitive analysis tool used to analyze the 3D elemental
distribution of the sample. A focused ion beam generally consisting of Ga* ions is
directed towards the sample and ablates material from the sample surface. This ablated
material is composed of individual atoms or multi-atom fragments, some of which
become ionized by the focused ion beam. The ToF-SIMS detector uses voltage biases
to attract either positively or negatively charged fragments towards the detector and
uses the travel time to calculate the fragment mass. By repeatedly scanning the focused
ion beam over the same area of the sample, each scan will analyze the elemental
distribution at different depths and provide the 3D elemental distribution of the sample.
While the elemental surface-sensitivity is lower than that of XPS, the ability to gain 3D
elemental information of a specific area on the sample ensures that ToF-SIMS is

incredibly useful for analyzing battery materials.

2.5 TEM

For TEM, the incident electron beam is accelerated to an extremely high voltage
of 200 kV to minimize the wavelength of the accelerated electrons and allow imaging
at near-atomic scales. Unlike SEM, the TEM incident electron beam fully penetrates
through the sample to minimize multi-scatter events that reduce image resolution. As a
result, TEM samples are polished to thicknesses less than 100 nm using mechanical
polishing or ion milling, with special care taken to avoid introducing damage artifacts
into the TEM sample. The transmitted electrons are used to visualize the sample
topology and analyze the elemental distribution of the sample. The TEM

electromagnetic lens can be adjusted so the incident electron beam diffracts through
12



the sample and produces a diffraction pattern. By selecting a specific diffraction spot,
the image of the sample topology will highlight only areas with crystal phases that

contribute to the selected diffraction spot.

2.6 XPS

XPS is based on the photoelectric effect discovered by Einstein in 1905, where
x-rays of sufficient energy are absorbed by atoms in a sample and emit electrons with
a range of energies. By comparing the energy of the original x-rays with the kinetic
energies of the emitted photoelectrons, the binding energy associated with each
photoelectron can be calculated. While different elements/compounds can have
overlapping binding energies, it is generally possible to identify the materials
represented by the binding energy peaks in the XPS spectra. Since high energy photons
such as x-rays are easily absorbed by surface layer atoms, XPS is an incredibly surface
technique for analyzing surface chemistries and providing quantitative analysis of

bonding covalency for a given material surface.

2.7  ATR-FTIR

In FTIR, an IR beam is directed at the sample and the sample absorbs/emits
specific IR frequencies that match the vibrational modes of molecules in the sample.
By attributing each peak in the FTIR spectra to a specific bond type, the internal
bonding structure of the sample can be quantified. ATR is the most commonly used
sampling methodology for FTIR and is very helpful for analyzing thick sample. As a

result, ATR-FTIR is the most used technique to characterize the bonding structure of
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samples due to the ease of sample preparation, high detection accuracy and sensitivity,

and high measuring speed.

2.8 Elemental Analysis

Elemental analysis occurs after the sample is combusted at 950 °C in an oxygen
rich environment. Carbon from the sample is converted to CO; that absorbs photons at
specific wavelengths within the IR spectrum. An increase in the concentration of CO»
will increase the amount of absorbed IR energy and change the detector voltage output.
Nitrogen from the sample is converted to NOx gas that is reacted with reagents to
produce nitrogen gas (N2). Nitrogen gas has a lower thermal conductivity compared to
the instrument’s helium carrier gas. Therefore, increased concentrations of N2 gas will
increase the temperature of a tungsten wire filament cell that the combustion gases are
flowed across. Analytical results are reported as percent carbon (%C) and percent
nitrogen (%N) and calculated from weight of the sample placed inside the tin cup prior
to combustion. Moisture content is not determined. The elemental analysis is used to

confirm the sulfur wt.% of the SPAN used in the studies.

2.9 FElectrochemical Techniques

2.9.1. Battery Cycling Techniques

In galvanostatic mode, a varying voltage is applied to the Li-S battery to give a
constant cycling current (positive for charging, negative for discharging), with the
voltage increasing/decreasing as the Li-content of the S electrode decreases/increases.
In potentiostatic mode, a constant voltage is applied to the Li-S battery and the current

is a function of voltage based on Bulter-Volmer model.
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2.9.2. EIS

During EIS, an AC voltage input signal is applied to the Li-S battery to produce
an AC current output signal. By comparing the magnitude and relative phase of the
voltage and current signals, the real and imaginary impedance of the Li-S battery can
be calculated. By testing at a range of frequencies, an EIS impedance spectrum is
measured that carries information about different kinetic processes within the sample.
A DC voltage can be applied to shift the Li-S battery away from equilibrium and obtain

impedance spectra under different conditions.

293. CV

CV is a potentiodynamic electrochemical testing program that provides kinetic
and thermodynamic information on the electrochemical reactions of the electrodes.
During the CV measurement, the working electrode potential is scanned linearly with
respect to time and the resulting current is measured. In the CV plot, whenever there is

a peak in current, it indicates an electrochemical reaction took place at that voltage.
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Chapter 3: Research Objectives

In garnet Li-S batteries, it was understood that all sulfur species except for Li>S
are thermodynamically unstable with LLZO (Figure 3.1). However, Fu et al. has shown
that a self-inhibiting solid-liquid electrolyte interface (SLEI) can be formed between
the sulfur cathode and LLZO to prevent the cathode side reactions when using a Nb/Ca

co-doped LLZO (LLCZNO) garnet electrolyte(66).
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Figure 3.1. The thermodynamic stability of different sulfur species with pure cubic
phase LLZO. All sulfur species except LixS are thermodynamically unstable with
LLZO, which can cause continuous reaction between the sulfur cathode and LLZO in

long-term cycling.

Another critical challenge in garnet Li-S batteries is the large sulfur volume

expansion during lithiation (~78%)(67, 68), which causes loss of contact with the
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electronically conductive additives and current collectors. To overcome this, our group
infiltrated the sulfur cathode into the porous layer of bilayer (porous/dense)/trilayer
(porouse/dense/porous) garnet structure to help maintain contact with the sulfur
cathode during volume expansion and allowed successful cycling of garnet Li-S
batteries(58, 69). Our previous garnet Li-S results(57, 58, 70) demonstrated stable
cycling using LLCZNO. With the bilayer/trilayer structures, our group has achieved a
high current density of 10 mA/cm? at RT and with no applied pressure in Li-Li
symmetric cells(57). However, the high relative density of the LLZO electrolyte added
additional mass to the cells and decreased the gravimetric energy density. Therefore,
we introduced a new cell configuration to achieve high specific capacity and high
energy density. For this dissertation, we used a thin bilayer garnet (porous/dense)
structure in which the pores were filled by Li metal while the sulfur cathode is on the
dense side of the bilayer.

The Ca dopant in LLCZNO can segregate and form regions of Ca-rich
secondary phase, as shown in the Scanning Electron Microscopy (SEM) and Energy
dispersive X-ray spectroscopy (EDX) in Figure 3.2. This may generate current density
hot spots at the LLCZNO/Li metal interface that can lead to Li dendrite growth if no
protective layer exists(64), and can reduce the ionic conductivity of the LLCZNO (71).
It was also found that the Nb dopant can be reduced by Li metal(72). Therefore, Ta-
doped LLZO (Ta-LLZO) was chosen as the garnet electrolyte for all the studies in this
dissertation due to the better stability of Ta-LLZO with Li metal compared to other

popular dopants, such as Al and Nb (72-74).
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Nb/Ca LLZO-surface

Figure 3.2. The SEM images (top view)/EDX mapping of Ca/Nb co-doped LLZO. The
La segregation can be eliminated by Ca dopant partially occupation in the La site. The

scale bar is Sum.

Although Ta-LLZO is the most stable type of LLZO with Li metal, we observed
a charge fluctuation issue in Li-S cells using Ta-LLZO electrolyte when cycled at
0.03C (1C = 1670 mA/g), as shown in the voltage profile in Figure 3.3. As 0.03C is

equal to 0.2 mA/cm? and should be far below the critical current density of bilayer
18



LLZO(59). Further research is required to better understand the sulfur-cathode/LLZO

interface and resolve this issue to have a workable Li-S cell using garnet electrolyte.
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Figure 3.3. The voltage profile of garnet Li-S cell tested at 0.03C at RT under a sulfur
mass loading of 4 mg/cm? wusing the normal stoichiometric Ta-LLZO
(Li.7sLasZr1 75Tag25012).

This dissertation reflects studies on (i) garnet-type Li-S battery failure
mechanism analysis resulted from the sulfur-cathode/Ta-LLZO interface; (ii) the
resolution on addressing the Li-S battery failure and the methods on how to achieve
stable cycling with good energy density; (iii) the revolutionary design of “all-solid-
state” Li-S battery using garnet electrolyte which has never been reported in the battery
field until now. Specifically, the proof-of-concept of the all-solid-state battery design
was first discussed and then focus on high-energy-density all-solid-state Li-S battery
design using garnet electrolyte through the method of direct ink printing that was

previously developed by our lab(75).
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Chapter 4: Stabilizing Sulfur Cathode/Garnet Electrolyte
Interface to Achieve High Energy Density Using 3D

Asymmetric Electrolyte Architecture

4.1 Introduction

As discussed in the chapter 1 that solid-state Li-S batteries are one of the most
promising candidates for next generation energy storage technologies due to the low
cost and high domestic availability of sulfur, the exceptionally high theoretical energy
density of a Li-S (2600 Wh/kg and 2800 Wh/L)(10, 13, 33, 76, 77), and the potential
for suppression of the polysulfide shuttle, Li dendrite growth, low coulombic efficiency,
and short circuiting in more conventional liquid electrolyte Li-S batteries (35-39). The
most popular SSEs in Li-S battery field are LijoGeP2S12 (LGPS) and Li stuffed garnet
type LLZO with a space group of Ia3d (47, 78, 79). LLZO is a highly promising SE
for Li-S batteries due to its reasonably high ionic conductivity (0.1-1 mS/cm) at RT
and excellent chemical stability with Li metal(80) and does not generate any toxic gases
when it exposes to air and moisture, compared with sulfide-based SSEs. In addition,
with a bilayer/trilayer structure, our group has achieved a high current density of 10
mA/cm? at RT and with no applied pressure in Li-Li symmetric cells(57). However,
according to Chapter 3, there are still challenges that need to be resolved at the sulfur-
cathode/Ta-LLZO interface.

To investigate the charge failure issue in Chapter 3, herein we systematically
studied the elemental sulfur cathode and Ta-doped LLZO (Ta-LLZO) interface. Our

results show that without the buffer layer on the cathode side, the integration of sulfur
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cathode onto the Ta-LLZO dense garnet leads to an infinite long-time charge issue. The
results further show a strong indication this is due to lanthanum segregation to the
surface of Ta-LLZO. To overcome this challenge, a thin Poly(ethylene oxide) (PEO)-
based interlayer is applied to stabilize the sulfur cathode/Ta-LLZO interface. The PEO-
based interlayer not only physically separates the sulfur cathode and the Ta-LLZO
bilayer surface, but also can accommodate the stress/strain generated from sulfur
volume expansion that may lead to micro-cracks in the Ta-LLZO. On the anode side,
an ultra-thin ZnO layer was coated by atomic layer deposition (ALD) on the porous
side of the 3D asymmetric bilayer Ta-LLZO to obtain conformal Li/Ta-LLZO
contact(81). When these approaches were combined, we were able to obtain a high
sulfur mass loading of 4 mg/cm? with a high initial discharge capacity (1307 mAh/g)
at RT corresponding to an energy density of 639 Wh/L and 134 Wh/kg, and stable long-
term cycling with no applied pressure. By simply reducing the LLZO dense layer
thickness to 10 um as we have previously demonstrated(70), a significantly higher

energy density of 1308 Wh/L and 257 Wh/kg is achievable.
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4.2  Experimental

La excess, La deficient and normal stoichiometrically LLZO sample synthesis:
The La excess and La deficient Ta-LLZO samples were prepared by milling
stoichiometric amount of lithium hydroxide monohydrate (LiOH'-H,O, Alfa Aesar),
tantalum oxide (TaxOs, Alfa Aesar), zirconium oxide (ZrO;, Inframat Advanced
Materials) with 1wt%, 3wt% and 5%wt extra/deficient preheated lanthanum oxide
(La203, GFS Chemistry). Then the powders were calcined at 900 °C for 10 hrs in a
magnesium oxide crucible. The 3D solid electrolytes bilayers were prepared using the
method previously reported by us(81) using Ta-doped LLZO and LLCZNO. The
sintering temperature for both Ta-LLZO and LLCZNO is 1100°C.

Battery Materials Preparation: All the liquids were dried in 4 A molecular
sieves (Millipore Sigma) for at least two days before use. The PEO (Mwt. = 600,000,
Millipore Sigma), LiFSI (99.9%, Alfa Chemistry) and carbon nanotube (CNT, Carbon
Solution, Inc.) were dried at 60°C, 120°C and 95°C under vacuum for 24 hrs before
use, respectively, to avoid moisture contamination. Poly(Ethylene Oxide) (PEO) and
lithium bis(fluorosulfonyl) imide (LiFSI) (EO: Li* = 15:1) were dissolved in the
acetonitrile (ACN, anhydrous, Millipore Sigma) and stirred at 40°C to ensure good
mixing. The obtained PEO/LiFSI solution concentration was 0.03 g/mL. The Sg
(Millipore Sigma) and Ketjenblack (KB, H.M. Royal Inc.) were mixed in the carbon
disulfide (anhydrous, Millipore Sigma), followed by ultrasonic stirring at RT for 3 hrs
before use. The concentration of the binder-free cathode suspension was 0.2 gs/mL and
12 mgks/mL. All preparations were performance in an Ar-filled glovebox with O; <

0.01 ppm and H>O < 0.25 ppm.
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Electrochemical Cell Preparation: First, lithium carbonate removal was done
for the prepared bilayer in a tube furnace at 800°C for 2 hrs under inert gas atmosphere.
Then thin ZnO ALD layers were coated on both sides of the bilayer Ta-LLZO at 112°C.
On the anode side, surface-cleaned molten lithium was infiltrated into the porous side
of the bilayer structure within a few seconds due to the ultra-thin ZnO ALD layer and
capillary force. On the cathode side, 40 pL of the PEO solution was uniformly drop-
cast on the dense side of the bilayer Ta-LLZO with an area of 1 ¢cm?, followed by
vacuum drying at RT and then drying at 70°C to achieve a total thickness of ~8.4 pm.
After that, the CNT and cathode suspension was applied on top of the PEO-based solid
membrane to obtain a high sulfur mass loading of 4 mg/cm?, followed by further
heating at 120°C for ~2 min to ensure the elemental sulfur was uniformly coated.
Finally, 1M LiFSI DME liquid electrolyte was drop coated on top of the cathode side.
The cells without PEO-based interlayer were prepared in the same recipe, but just
without drop casting the PEO solutions on the dense Ta-LLZO surface.

Electrochemical Measurement: 2032 type coin cells were used for all the
electrochemical performance measurements at RT. All cycling tests were performed
by an Arbin instrument BT 2000. The EIS measurements were performed using a Bio-
logic VMP3 potentiostat over the frequency range of 1 MHz to 1 Hz with an amplitude
of 10 mV.

Characterizations: SEM and EDX images were captured with a Tescan GAIA
FEG SEM. XRD was performed on a C2 Discover diffractometer (Bruker AXS) with
a Cu K, radiation source (A = 1.54056 A) at 40 kV and 40 mA. The ALD thickness was

characterized by Auto ELIII Ellipsometer. The lanthanum and zirconium mass ratio
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was quantified using x-ray fluorescence measurements (XRF, Bruker Ranger), which
were carried out under vacuum between 6.5 and 35 keV. The XRF data was analyzed
using Spectra EDX software. Results were normalized to the nominal amount of
zirconium in the LLZO (fixed at 1.75 moles per formula unit). For XPS measurement,
all the samples were brought into He-filled glove box prior to any measurements. The
atmosphere was kept < 0.1 ppm O> and < 0.0 ppm H>O. The samples were loaded on
ca. 2 cm diameter puck with Cu tape and transferred to XPS chamber without air
exposure using air-tight transfer vessel. XPS spectra were acquired with the Kratos
Axis UltraDLD! using monochromatic Al Ka (10 mA, 15 kV). XPS scans were carried
out at 20 eV pass energy. Prior to depth profiling, the puck was taken out from the XPS
chamber and transferred to He-filled glove box in N, atmosphere. The samples were
loaded on a ca. 15 cm bar to provide enough distance between the samples to avoid
cross contamination. The sample bar was brought to XPS in He atmosphere and was
transferred to XPS. The container was briefly opened in the lab, while the sample bar
was loaded into the antechamber, resulting in an air exposure for less than 1 min. XPS
depth profiling was carried out with Ar" gun with an energy of 2 kV over a raster area

of 6 mm X 6 mm. XPS was collected after 10 min, 20 min and 40 min of sputtering

time. Charge neutralizer (filament current 1.8 A, charge balance 2.5 V) was used during
the measurements. XPS spectra were analyzed with CasaXPS(82). The spectra were
referred to C 1s peak of hydrocarbon at 284.5 eV(83). Tougaard-type background was

subtracted before deconvolution and analysis of the peaks. The area ratios of peaks

! Certain commercial equipment, instruments, materials, suppliers, or software were identified in this paper to foster
understanding. Such identification does not imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best
available for the purpose.
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were fixed to its theoretical area ratio of their degeneracy with the same full width at
half maximum. S 2p3, and S 2p1/> peak separation was kept consistent at 1.18 eV*? for
all peaks. The ToF-SIMS was performed on a Ga* focused ion beam (FIB)/SEM

(Tescan GAIA3) equipped with ToF-SIMS. The typical analyzed area was 20 um X

20 um with an accelerated voltage and beam current of the ToF-SIMS of 30kV and
1900 pA, respectively.

Computational Methods: We considered the interfaces between LaO3 and
different sulfur species, as well as different sulfur species and LLZO as a pseudobinary
and determined the most thermodynamically stable phase equilibria, as in previous
work (84). We normalized the compositions of the sulfur species, La;O3, LLZO and Li
salts to one atom per formula unit, respectively. The reaction energies shown in Figure
1.3 and 4.2, reflect the energy of decomposition of the pseudobinary to the stable phase
equilibria at each molar ratio. The energies for the materials used in our study were
obtained from the Materials Project database(85).

Finite element modeling: Finite element modeling was performed using
SolidWorks 2020 package. Samples with dimension of 100 um in thickness, 5 mm in
length, and 3mm in width were created. The mechanical properties of LLZO and PEO
were taken from literatures(86—89). 3-point bending models were applied on the
samples (Figure 4.1) with a bending force of 0.IN applied. Stress and strain

distributions were observed.
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1Loading

Supports

Figure 4.1. Schematic of the 3-point bending model for mechanical properties

investigation.

4.3 Results and Discussions

4.3.1 La Segregation Impacts on Cell Failure

We observed in sulfur cathode/liquid electrolyte/Ta-LLZO (ZnO ALD
coated)/Li metal cell configurations, large voltage fluctuations during charging and a
total charge capacity exceeding the theoretical value of sulfur (1670 mAh/g) in Figure
4.2a. Subsequently, only 700 mAh/g discharge capacity was achieved at 0.03C in the
first cycle.

To investigate this degradation, XRD, SEM and EDX mapping were applied to
study the surface composition and morphology of Ta-LLZO. It was found that in

stoichiometric Ta-LLZO, La segregation is observed (Figure 4.2¢).
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Figure 4.2. La segregation indications on cell failure. (a). The voltage profile of garnet
Li-S cell tested at 0.03C at RT using the normal stoichiometric Ta-LLZO. (b) Voltage
profile of garnet Li-S cell tested at 0.03C at RT using the Swt% La excess Ta-LLZO.
(c) Voltage profile of garnet Li-S cell tested at 0.03C at RT using 5wt% La deficient
Ta-LLZO. (d). The calculated mutual reaction energy of pseudo-binaries of different
sulfur species and LaxO;. (¢) The SEM and EDX mapping images of the Ta-LLZO
(normal stoichiometry, top view) showing the La segregation. (f) SEM (top view) and
EDX mapping images of the Swt% La excess Ta-LLZO. (g). SEM (top view) and EDX
mapping images of the Swt% La deficient Ta-LLZO. The scale bar for (f) and (g) is all
10 pum.

To determine if La segregation causes the voltage fluctuation during charging,
La-excess (1wt%, 3wt% and 5wt%) and La deficient (1wt%, 3wt% and 5wt%) Ta-
LLZO using the same cell configuration were tested. For the La-excess Ta-LLZO, the
XRD patterns (Figure 4.3a) showed a La,O3 impurity was formed in all three samples
and their corresponding SEM and EDX mapping images (Figure 4.3b and Figure 4.2f)
showed La segregation on the Ta-LLZO surface indicating that the La segregation
phase is La>Os. For the La-deficient Ta-LLZO, the XRD patterns (Figure 4.4a) showed
an impurity phase of LaxZr.O7 in 1wt% and 3wt% La deficient the samples, while it
showed a cubic garnet phase in 5%wt Ta-LLZO without impurity, and their
corresponding SEM and EDX mapping images (Figure 4.4b and Figure 4.2g) showed
that the there is no La segregation in the 5%wt La deficient Ta-LLZO samples. The
amount of La in the La excess and La deficient samples was experimentally verified
through X-ray Fluorescence (XRF) shown in Table 4.1. The measured XRF data is very

consistent with the nominal La content.
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Table 4.1. Summary of the XRF results on the sintered La excess/deficient samples

Designed La wt % | Designed La (mol in | Measured Measured Measured La (mol in
Additions/Subtractions | LixLayZr1.75Ta0.25012) | La wt% Zr wt % LixLayZri1.75Ta0.25012)
+5 3.14 72.9% 27.1% 3.12
+3 3.08 72.7% 27.3% 3.08
+1 3.02 72.2% 27.8% 3.01
-1 2.96 72.0% 28.0% 2.98
-3 2.90 71.4% 28.6% 2.89
-5 2.84 71.2% 28.8% 2.86

Therefore, the 5%wt La excess and 5%wt La deficient Ta-LLZO were used for
Li-S cells assembly (Figure 4.2b and 4.2¢) to evaluate the La segregation effect. The
5%wt La excess Ta-LLZO cell (Figure 4.2b) showed the same charge voltage
fluctuation issue as the normal stoichiometry Ta-LLZO (Figure 4.2a). While rapid
voltage drops can be due to shorting, these voltage fluctuations are likely due to the
thermodynamically favorable reaction between different sulfur species and LaOs
associated with the La segregation (Figure 4.2d and Table 4.2) which can lead to the
cell degradation and failure. This is further confirmed by the 5%wt La deficient Ta-
LLZO which does not have La segregation and shows a normal charge/discharge
voltage profile (Figure 4.2¢) without any rapid voltage drops. The lower capacity is
most likely due to the lower conductivity (10 S/cm, Figure 4.5) of the 5%wt La
deficient Ta-LLZO. These results strongly imply that La surface segregation plays a

significant role in Li-S cell stabilization.
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Figure 4.3. La excess Ta-LLZO sample characterizations. (a). The La excess Ta-LLZO
XRD pattern. When different amount of extra La is added, the impurity phase of La;O3
is observed in all the samples. The impurity intensity goes higher when more La
element is added in the Ta-LLZO. (b). The SEM images (top view)/EDX mapping of
La excess Ta-LLZO with different amount of La excess. Both show La segregation.
Combined with the XRD results, it is indicated that the La segregation phase is the
La,0s. The scale bar is all 10 um.
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Figure 4.4. La deficient Ta-LLZO sample characterizations. (a). The La deficient Ta-
LLZO XRD pattern. There is no impurity peak in 5wt.% La deficient Ta-LLZO
compared with 1wt.% and 3wt.% La deficient Ta-LLZO that both have LaZr,0
impurity phase. (b). The SEM images (top view)/EDX mapping of La deficient Ta-
LLZO with different amount of La deficiency. Note that even in 1wt% La deficient Ta-
LLZO, it shows La segregation. While when it comes to 3wt% and 5wt% La deficient
Ta-LLZO, the La segregation disappears showing uniform La element mapping. The

scale bar is all 10 um.

Table 4.2. Potential decomposition products between different sulfur species and
LaxO; based on first principal calculation

Lay03
Sg SgO, LaS,
Li»Sg Li,S0s, Li2S, LaSO, LaxSO»
Li>Se Li,S0O4, LaSO, La;SO>
Li»S4 LiSOs, LizS, La;SO»
LizS> LaS,, Li2SO4, LixS
Li;S Li,0O, La;SO»

100000

80000 -

60000

40000 (-

-Z"(ohm)

20000
| ‘.IIIIJ

0 R 1 N 1 L 1 R | R
0 20000 40000 60000 80000 100000

Z' (ohm)

33



Figure 4.5. The impedance of the 5%wt La deficient Ta-LLZO tested by using
blocking Au electrodes, which leads to a conductivity of 10° S/cm? at RT. The
frequency range is from IMHz to 100 Hz.

4.3.2 3D Asymmetric Bilayer Garnet Hybridized Li-S Battery Design

To overcome the above La-degradation issue and achieve a higher discharge
capacity, a PEO-based interlayer was applied to physically separate the sulfur cathode
from the stoichiometric Ta-LLZO which has La;O3 impurities suspected to react with

the sulfur. The garnet hybridized Li-S cell design is shown in Figure 4.6.

Sulfur cathode

k. CNT
s PEO-based
interlayer

; Sulfur
cathode

Figure 4.6. Schematic fabrication of the high energy density hybridized Li-S cell.

First, the 3D bilayer Ta-LLZO (95 um and 25 pm thick dense and porous layer,
respectively, shown by the SEM in Figure 4.7a) were fabricated(81), then coated by an
ultra-thin and uniform ZnO ALD layer on both sides with an average thickness of 2.3
nm (Figure 4.7c¢). This was followed by fast Li infiltration (Video 1) in the porous side
due to the capillary forces and the molten Li reacting with the ZnO coating layer and

forming a Li-Zn-O layer that was easily wet by the remaining molten Li. As SEM image
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in shown Figure 4.7b, the infiltrated Li metal filled the porous Ta-LLZO exceptionally
well. Then a thin PEO-based interlayer (Figure 4.7d) containing CNT was coated on
the dense Ta-LLZO side of the bilayer. LiFSI-based PEO electrolyte has the benefit of
high ionic conductivity and low viscosity (17, 90, 91). It should also be note, that the
ZnO ALD layer on the cathode side may help reduce the crystallinity of the PEO
interlayer and increase its ionic conductivity(92-94). After adding the CNT/PEO
interlayer, the sulfur/carbon cathode mixture was drop-cast on top of the CNT/PEO
interlayer to achieve a high sulfur mass loading of 4 mg/cm?, and 20 uL/cm? of 1M

LiFSI in DME was added to wet the cathode side to ensure good contact.
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Figure 4.7. The characterizations of the bilayer Ta-LLZO with PEO-based interlayer
coating used in the study. (a) The in-beam mode SEM cross-section images of 3D

bilayer Ta-LLZO structure with a thickness of 95 um in dense layer and a 25 pm in
35



porous layer with a dense layer on top and a porous layer at the bottom. (b). The SEM
image of Li infiltration condition in the porous side of the 3D bilayer Ta-LLZO. (c).
The ZnO ALD layer thickness distribution on a silicon wafer surface. The total
thickness of the ZnO ALD layer is on an average of (2.33 + 0.013) nm with little
variation. (d). The cross-section of the PEO-based membrane and Ta-LLZO bilayer

(dense side) showing the thickness of the PEO-based interlayer is around 8.4 pum.

4.3.3 Electrochemical Performance of the Hybridized Li-S Batteries

Electrochemical performance was characterized in 2032-type coin cells at RT.
EIS measurements of Li-Li symmetric cells demonstrated that adding the PEO-based
interlayer only increased the total area specific resistance (ASR) by 47.7 Q-cm? (Figure
4.8a). Long-term cycling performance of Li-S full cell with 4 mg/cm? sulfur mass
loading was performed at both 0.03C (0.2 mA/cm?) and 0.05C (0.335 mA/cm?) at RT
(Figure 4.9a—d shows the first 35 cycles, while the full cycling performance of the same
cells (100-200 cycles) is in Figure 4.10). As shown in Figure 4.9a, the first discharge
cycle showed an exceptionally high capacity of 1307 mAh/g at 0.03C. During
subsequent cycling, the capacity decay of 0.93% per cycle with an average Coulombic
Efficiency (CE) approaching 100% (~102% in the first 35 cycles and then the CE
stabilized with an average value of 99.4% throughout the entire 200 cycles). As
illustrated in Figure 4.10a, a sudden capcaity drop was observed. We believe the sudden
capacity drop and low CE was due to the nonideal packaging of the battery affecting
battery performance during testing. However, the cell self-stabilized after 7 cycles as
indicated by the high CE. Note that the polysulfide shutting issue was generally not
observed as indicated by the high average CE (>99%), while if shuttle effect were

taking place, the average CE could be ~80% over the entire testing cycles in Li-S cells
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as demonstrated in our previous work(66). During cycling, the ASR of PEO/bilayer
cell reduced from the pre-cycling value of 921 Q-cm? to a post-cycling value of 691 Q-
cm? (Figure 4.8b). The reduction in cell ASR was likely due to improved infiltrated
liquid electrolyte uniformity on the cathode side and a better sulfur cathode contact
with carbon felt current collector during cycling which improves Li* and electron

transport, respectively.
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Figure 4.8. (2). The ASR of Li-Li symmetric cells for IM LiFSI in DME (22.7 Q-cm?:
the ASR of the liquid electrolyte and its SEI formation) and PEO/LiFSI membrane with
IM LiFSI in DME (70.4 Q-cm?: the ASR of the liquid electrolyte, its SEI formation,
PEO/LiFSI membrane and the liquid electrolyte/PEO-based membrane interface). To
make it comparable, the amount of each materials kept the same as that in Figure 4.9.
(b). The ASR of Li-S full cells before and after cycling at 0.03C. The ASR of
PEO/bilayer before cycling and after cycling is 921 Q-cm? and 691 Q-cm?, respectively.

For comparison, Li-S full cells were assembled using porous polyethylene
polymer separators (Celgard) instead of dense PEO interlayer (Figure 4.9a), since

Celgard could also separate the sulfur cathode from the Ta-LLZO to prevent interfacial
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side reactions. The Celgard/bilayer cell cycled at 0.03C had a capacity decay rate of
1.8% per cycle, almost double that of the PEO/bilayer cell, and had a lower average
CE of 87.5%. Both approaches showed that the cell failure can be avoided compared
with no interlayer case (Figure 4.2a). Based on this cell performance, the PEO-based
interlayer was shown to stabilize the cathode/Ta-LLZO interface and achieve
dramatically improved cycling results. When the cycling current of the PEO/bilayer
cells was increased to 0.05C (Figure 4.9¢c), the capacity fade rate increased slightly to
1.1% per cycle compared to 0.93% per cycle at 0.03C.

The PEO/bilayer hybridized cell also showed good performance at higher C-
rates (Figure 4.9¢). The average discharge capacities for each of the 5 cycles at 0.05C,
0.1C and 0.2C were 1103 mAh/g, 970 mAh/g and 791 mAh/g, respectively, after which
the cell was still able to deliver 882 mAh/g when cycled back to 0.05C. While the C-
rate performance of Celgard/bilayer cell showed good capacity recoverability, the

discharge capacity at each C-rate was ~1/2 that of PEO/bilayer cells.
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Figure 4.9. Electrochemical performance of the 3D asymmetric bilayer garnet
hybridized Li-S cells. a) The dense PEO/bilayer and Celgard/bilayer cells cycling
performance tested at 0.03C at RT and b) the voltage profile of the PEO/bilayer cells
at 0.03C at RT. ¢) The PEO/bilayer cell tested at 0.05C at RT and d) the voltage profile
of the PEO/bilayer cells at 0.05C at RT. e) The comparison of rate capability of

PEO/bilayer and Celgard/bilayer cells. and f) the voltage profile of C-rate test of
PEO/bilayer cell.
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Figure 4.10. The full cycling performance of the PEO/bilayer cells reported in Figure
4.9. a). and b) are the 200 cycles and 100 cycles for the cells tested at 0.03C and 0.05C
at RT, respectively. There is a capacity jump decrease after 35 cycles at 0.03C with
lower Coulombic Efficiency for 7 cycles. But overall, the average Coulombic
Efficiency at 0.03C and 0.05C is 99.4% and 99.8%, respectively, which demonstrate
the polysulfide shuttle is fully blocked.

All the PEO/bilayer cells showed stable charge/discharge voltage profiles,
featuring the two typical reduction plateaus representing the Sg to polysulfide to Li>S
conversion behavior and without any charge voltage fluctuations (Figure 4.9b, 4.9d and
4.91). In addition, the 2nd discharge voltage plateau was maintained without voltage
reduction during cycling at both 0.03C and 0.05C, which indicate the PEO/bilayer Ta-
LLZO design blocked the polysulfide shuttle(95). This further demonstrated the
effectiveness of the PEO-coated interlayer between the sulfur cathode and the bilayer
Ta-LLZO. A comparison of our designs with other solid-state Li-S cells and with Li-S

cells using liquid electrolytes is shown in Table 4.3.

Table 4.3. The Coulombic Efficiency comparison of our designs with other Li-S cells

and the effect of polysulfide shuttle.

40



Sulfur Loading Temperature Main Electrolyte Average Ref.

mg/cm? Coulombic
Efficiency (%)
2223 RT LLZO*** ~87% (96)**
1 RT LLZO*** ~99% (97)**
0.8 RT LLZO*** 99.2% (98)**
1 RT LLZO*** 99.2% (99)**
1 RT LLZO*** 99.4% (100)**
3.2 RT LLZO*** 99.5% (101)**
0.7 RT LiPFs in 99.5% (102)
FEC/FEMC/HFE
23 RT LiTFSIin DOLDME  96.5% (103)**
with LiNO; additive
1.4 RT LiTFSI in DOLDME 96% (104)**
with LiNO; additive
N/A* RT LiTFSI in DOLDME  98% (105)**
with LiNO; additive
4 RT Ta-LLZO 99.4% (0.03C) This work
99.8% (0.05C)

* 1t is the very first demonstration to use LiNOs3 in pure liquid electrolyte Li-S cell to
mitigate polysulfide shuttle.

** The published results do not mention the average Coulombic Efficiency over the
entire cycling range, so that the value is calculated manually with the help of “Image
J” software.

**% Note that certain dopants are used to obtain a high ionic conductivity at RT, which
is also the same as shown in Table 4.4 in section 4.3.5.

4.3.4 Chemical and Electrochemical Stability and Mechanical Properties

Advanced characterization techniques—XRD, XPS and ToF-SIMS—were
applied to systematically study the stability and geometry of the PEO-based electrolyte
and the Ta-LLZO interface. To illustrate the chemical stability of the PEO-based film
with Ta-LLZO, the solid PEO-based film was coated on the dense Ta-LLZO surface
and the whole sample was heated to 60°C for 7 days, with and without subsequently
rinsing by ACN before characterization. To demonstrate the electrochemical stability
of the PEO-based membrane/Ta-LLZO interface, the cycled Li-S hybridized cells were
used, and hybrid electrolyte rinsed by DME and ACN solvents before any postmortem

characterizations.
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Before cycling, the PEO-coated Ta-LLZO XRD pattern is a combination of the
PEO-based electrolyte pattern and the pure cubic Ta-LLZO phase pattern (Figure 4.11).
After removing the PEO-coated layer on the Ta-LLZO by ACN solvent, the XRD
pattern of the PEO-based membrane disappears and only the cubic Ta-LLZO pattern
remains. There were no structural changes at the Ta-LLZO surface attached to PEO-
based membrane. After electrochemical cycling, the postmortem XRD analysis
illustrated the bilayer Ta-LLZO still maintained the pure cubic phase, indicating the

PEO-based membrane does not disorder the structure of Ta-LLZO.

J/L PEO/LiFSI membrane
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> LLZ0 I | I on top of LLZO
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Figure 4.11. The XRD patterns of the hybridized electrolyte before and after cycling.
PEO/LiFSI membrane only (black curve), PEO/LiFSI membrane on top of the bilayer
Ta-LLZO (red curve), PEO/LiFSI membrane on top of the bilayer Ta-LLZO rinsed by
ACN (blue curve) and the hybridized electrolyte of the cycled cell rinsed by DME and
ACN (purple curve).

42



To further investigate the stability of LLZO, XPS spectra of Ta-LLZO after
cycling 30 times was studied. The Ta-LLZO was sputtered with Ar" for 10 min, 20 min
and 40 min and shown in Figure 4.12 (a) and (b). (Zr 3d and La 3d spectra before
sputtering were observed but are not shown here) The sputtered depths are roughly
expected to be around 10 nm, 20 nm and 40 nm, respectively, although the sputtering
rate may have varied due to varying amounts of organic compounds from PEO and the
electrolyte.

Zr 3ds; and Zr 3d5 peaks in Zr 3d spectra after sputtering are fitted well with
the theoretical area ratio constraint. This indicates that there is no disordered lattice for
Zr in Ta-LLZO after 10 min sputtering and beyond. Zr 3ds;» and Zr 3d3» were observed
at 181.5 eV and 183.8 eV, respectively. These peak positions are in good accordance
with previously reported values (106). The peak positions are consistent throughout the
sputtering, and the peak intensity increased with the sputtering time due to the
elimination of surface products. The sputtered peak positions did not move during
sputtering which suggests that Ta-LLZO structure was not altered during cycling and
sputtering.

The La 3d peak shows 4 distinct peaks and 2 broad peaks in the region of 820—
870 eV. La 3ds, peaks are found at 827—840 eV and can be deconvoluted into 3 peaks:
one main peak (833.1 eV) with two satellite peaks of bonding (837.4 eV) and
antibonding (833.6 eV) components(107). The antibonding peak is broader than the
main peak and the bonding peak, which is consistent with La 3d peak observation of
La compounds(107). The 842—870 eV region shows La 3d532 and a broad plasmon peak

of La 3ds around 849 eV. The region above 840 eV is overlapped with La MNN (the
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most intense La Auger peak) (107) which we were unable to subtract. Nevertheless, the
peak positions of La 3ds;» and La 3d52 are in good accordance with previous report of
LLZO(108). The peak position and FWHM of La peaks did not change, between 10
min, 20 min and 40 min of sputtering which shows that the Ta-LLZO structure was not
altered with cycling from about 10 nm deep and beyond, which is consistent with

observation of Zr 3d spectra.
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Figure 4.12. XPS depth profiling of Ta-LLZO. a). and b). are the Zr 3d and La 3d XPS
spectra after Ar" sputtering for 10min, 20 min and 40 min, respectively.

As a baseline for the measurements on cycled samples, a sample that was not
cycled was measured with no sputter depth profiling (Figure 4.13). The main peak of
C Is spectrum is attributed to C-O bond from the PEO coating. A small peak at lower
binding energy which is attributed to hydrocarbon at 284.5 eV is used for referencing
other peak positions reported here(83). C-O bond is at 286.2 eV which is the expected

position(83). A small shoulder at 288.0 eV is attributed to ketones(83).
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The O 1s spectra was deconvoluted into 2 peaks. The main peak at 532.5 eV is
attributed to O in PEO(108). Another source of O in the control sample is FSI anion. A
small peak at 533.2 eV can be attributed to N-SO»-F in FSI anion.

The main S 2p3/2 peak was observed at 169.3 eV with shoulder at 167.6 eV and
a small peak at 163.1 eV. Since the sample was exposed to 1 M LiFSI/DME but not
cycled, the 169.3 eV peak is attributed to N-SO»-F in the FSI anion. 167.6 eV can be
attributed to sulfates(83). A peak at 163.1 eV can be attributed to sulfides(83, 108).
Those may have come from impurities that were included in LiFSI salt or
decomposition products of LiFSI.

The F 1s spectra shows 2 peaks: one large peak at 687.1 eV and one smaller
peak at 684.4 eV. Since the majority of F should be from FSI, the large peak at 687.1
eV can be attributed to N-SO>-F in the FSI anion. The peak at 684.5 eV is in the metal
fluoride region and can be attributed to LiF(83, 109). Considering that the S 2p suggests
the presence of FSI impurities or decomposition products, LiF may have been
generated from the salt decomposition, or it was already in the salt as an impurity.

Since the main source of N in the sample is the FSI anion, the main N s peak
at 399.1 eV is attributed to LiN-(SO»-F), in FSI anion. This peak position is used for
peak attribution in the main manuscript. The peak position of 400.5 eV is in good
accordance with the compound NH>CONH»(108) which is used in one of synthetic
method for HFSI(110). This position is also in good accordance with other chemicals
that includes -CONH-(108). Hence, we attribute this peak mainly to the impurity from

LiFSI which contains -CONH-.
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The Li 1s peak was fitted with one peak at a peak position of 55.5 eV. Since
LiFSI is the main source of Li, this peak is attributed to LiN(SO2F),. While LiF is
suggested to be present from the F 1s spectrum, LiF (which would occur at 55.7
eV(108)) was not observed in the Li 1s spectrum deconvolution, due to the low overall
intensity and high noise.

In summary, LLZO coated with PEO then soaked in LiFSI/DME followed by
ACN is used for the baseline sample. The residual layer was thick enough to entirely
screen the underlying LLZO. A list of peaks from LiFSI is as follows; O 1s at 533.2
eV, S 2p3p at 169.3 eV, F 1s at 687.1 eV, N 1s at 399.1 eV, and Li 1s at 55.5 eV.
Additional features corresponding to smaller amounts of LiF, ketones, and compounds
containing -CONH- such as NH>CONH,, which is used to synthesize HFSI, were
observed. Figure 4.13 shows all the expected peaks from LiFSI and PEO and other

peaks indicating that the residual layer consisted of PEO with LiFSI and minor

mpurities.
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Figure 4.13. XPS spectra of Li 1s, S 2p, C 1s, N 1s, F Is, and O 1s from an unsputtered
non-cycled control sample (pellet LLZO coated with PEO soaked with LiFSI/DME,
followed by ACN).

XPS spectra of cycled LLZO before sputtering is shown in Figure 4.14. In the
C Is spectrum, the lowest peak at 284.5 eV(111) is due to hydrocarbons and is used to
reference all the binding energy. A 286.2 eV peak is attributed to C-O bond(111). A
peak at 287.9 eV is attributed to ketones(111) and a 289.2 eV peak is attributed to
carbonates(111) such as Li»COs. A small peak at 292.7 eV is in good accordance with
the peak position of fluorinated carbon(108, 112) which was also observed in F 1s
spectrum.

In the Li /s spectrum, Li /s peak is overlapped with Zr 45 which is at 53.5 eV.
This Zr 4s peak position is in good accordance with ZrO»(111) and it is expected to
arise from Zr in LLZO which should be at a similar binding energy. The peak center of
Li /s, from a fit to a gaussian-Lorentzian peak shape, was at 55.1 eV. LiF (55.7 eV),
Li,O (55.6 eV), LiOH (54.9 eV), LiN3 (55.2 eV), Li2COs3 (55.2 eV)(113) are possible
components. Liin LLZO (55.2 eV) can also be present(114), but it is hard to distinguish
each component because of close vicinity of the possible components.

The F Is peak showed 3 peaks. The first 2 peaks at 684.5 eV and 687.2 eV are
attributed to LiF and N-SO»-F, respectively. Attribution of 687.2 eV peak to N-SO,-F
is based on the F 1s spectra of uncycled LLZO soaked in 1 M LiFSI/DME which we
used as a control sample (see Figure 4.13 for details).

The intensity of LiF in relation to N-SO»-F significantly increased compared to
uncycled LLZO (Figure 4.13) soaked in 1 M LiFSI/DME, which suggests LiFSI
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decomposed during cycling. There was another peak at 688.5 eV which is in reasonable
agreement with fluorinated carbon position(83, 108). This is consistent with the C /s
peak at 292.7 eV which is also attributed to fluorinated carbon.

The S 2p spectrum was deconvoluted into 5 components. The S 2p3» positions
are 161.5 eV, 163.3 eV, 166.4 eV, 168.3 eV, and 169.3 eV and are attributed to Li>S,
sulfides, Li2S204, Li2SO2(108, 111, 115, 116) and LiN(SO2F). (based on the N-SO»-F
peak position from control sample in Figure 4.13), respectively. Considering that
decomposition products from LiFSI were expected based on the discussion on F 1s
spectrum, sulfur compounds may have generated from FSI decomposition.

The O 1s spectrum was deconvoluted into 4 peaks. A 528.0 eV peak is within
the range of metal oxides(111). This can be attributed to oxides formed on LLZO
surface. (Zr 3d and La 3d spectra were observed but not shown here) The peak intensity
of metal oxides is relatively low because metal oxides are covered with decomposition
products formed on LLZO. A 529.4 eV peak is attributed to O in ZnO(108) from the
ALD coating applied to the LLZO sample. (ZnO peaks observed in Zn 2p spectrum but
not shown here) A 531.4 eV peak can be attributed to Li compounds such as Li>O
(531.3 eV), LiOH (531.3 ¢V) and LiCOs3 (531.4 eV)(108). Their peak positions are
within few eV and was not able to deconvolute. The 532.6 eV peak is attributed to the
C-O bond(108). It is expected that C-O is present from PEO and DME. Li,SO4, which
is expected from the S 2p spectrum, would have a peak at 532.2 eV(108), however,
Li2SO4 was not able to be distinguished because of the close vicinity to the C-O peak.
Since the 531.4 eV peak (Li compounds) has the largest area, lithium decomposition

compounds were the major component in cycled sample surface. The decrease in
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intensity of the FSI anion peak, at 533.3 eV, relative to the baseline sample suggests
that most of FSI anion has reacted at the surface of LLZO.

In the N 1s spectrum, the 398.2 eV peak is attributed to nitrides(111, 112). A
399.6 eV peak is close to the FSI anion peak but 0.4 eV higher than the position
observed in Figure 4.13 for the control sample. As indicated in O 1s spectrum, most of
the FSI anion is decomposed, hence this peak is attributed to decomposition products
of FSI. A 401.9 eV peak can be attributed to LiN3(108, 109). There should be another

peak at 398.7 eV (109) for LiN3 but it was not clearly observed due to low intensity of

the peak.
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Figure 4.14. XPS spectra of Li 1s, S 2p, C 1s, N 1s, F Is, and O 1s from an unsputtered

cycled samples.

In summary, XPS observations suggest that the following components are

formed with cycling; Li»COs, LiF, ketones, Li,O, LiOH, LiN3, Li»S, Li2S204, Li2SOa4.
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Decomposition of the FSI was suggested from the S 2p, F 1s, O 1s, and N 1s spectra,
and decomposition of PEO was suggested from the C 1s and O 1s spectra.

By analyzing the XPS spectra obtained before sputtering, Li2COs, LiF, ketones,
Li,0, LiOH, LiN3, Li,S, Li2S,04, Li2SO4 were found to be at the surface of Ta-LLZO
(Figure 4.13 and Figure 4.14 for detail). Among these components, Li>S and Li2SO4
may have contributed to protecting LLZO from further degradation(117) resulting in
Zr 3d and La 3d spectra which did not significantly change throughout the sputtering
time. As shown in sputtered spectra of Zr 3d and La 3d, PEO coating prevented La
segregation and led to successful cycling.

The ToF-SIMS was used to characterize the thickness of the polymer/ceramic
interphase layer, due to it high surface sensitivity and chemical selectivity(118). As
shown in Figure 4.15, the decomposition products LiF- from LiFSI and CH30" from
PEO were observed at the interface. These results are in good agreement with XPS
measurements. As the sputtered depth increases, the counts of those decomposition
compounds change from low to high and then back to low indicating there is an
interphase layer formed at the interface. The number of counts on ZrO™ and LaO»" that
is used to indicate Ta-LLZO signals, increase and then stabilize (blue region) when

pure Ta-LLZO phase is reached.
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Figure 4.15. The ToF-SIMS depth profile of the cycled PEO/bilayer cell.

In addition to the PEO-based interlayer preventing side reactions between the
sulfur cathode and Ta-LLZO, finite element modeling (FEM) showed the low elastic
modulus PEO was able to isolate the Ta-LLZO from the stress/strain associated with
the 80% volume expansion of the sulfur cathode during discharge. Without the
protection of the PEO-based interlayer, simulations indicate the sulfur volume
expansion would create significant stress in the Ta-LLZO (Figure 4.16a and 4.16c¢),
which could lead to fractures in the electrolyte separator and eventual short circuit.
With the protection of PEO-based interlayer, the low elastic modulus PEO could
deform in response to the sulfur volume expansion while remaining intact, thereby
protecting the Ta-LLZO (Figure 4.16b and 4.16d). Based on the FEM results, the

highest strain in the PEO enhanced Ta-LLZO is 3.82 X 1072, which is three magnitudes
higher than pure Ta-LLZO (6.68 X 107°). The resulted higher strain of PEO can

efficiently adopt the stress and volume expansions of the sulfur cathode.

51



(a) Stress (N/m?)  (b) Stress (N/m?2)
l1 .224e+07 l 1.294e+07

'6. 126e+06 l 6.492e+06
I 1.669e+04 I4.497e+04
(c) Strain (d) Strain
—_— ' 6.681e-05 ' 3.822e-02
l3.357e-05 l 1.921e-02

|3.272e-07 l 2.057e-04

Figure 4.16. Mechanical properties of the Ta-LLZO and PEO electrolyte. a) and b) are
the stress distribution of the Ta-LLZO and PEO electrolyte, respectively. ¢) and d) are
the strain distribution of the Ta-LLZO and PEO electrolyte, respectively.

4.3.5 Energy Density Evaluation of the Hybridized Li-S Batteries

Specific capacity and corresponding cell energy density are all critical to
practical application. For this work with a high sulfur mass loading on a planar surface,
we demonstrated that, with our thin bilayer Ta-LLZO design, an energy density of 639
Wh/L and 134 Wh/kg was achieved at 0.03C at RT based on the high initial discharge
capacity of 1307 mAh/g (Figure 4.9a and 4.9b). The detailed calculation and
comparison are shown in Table 4.4 and Table 4.5, respectively. This value is beyond
state-of-the-art garnet-type hybridized Li-S batteries with a sulfur cathode on a planar

garnet surface, which have limited energy densities of less than 400 Wh/L and 100
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Wh/kg (Figure 4.17), mainly due to the thick electrolyte and low sulfur mass loading(58,

69, 96-101).
Table 4.4. The energy density calculation
Material | Mass Density Volume Specific Capacity Charge
mg/cm? g/cm’ (uL/cm?) (mAh/g) (mAh)

Sulfur 4.00 2.07 1.93 1307 5.23

CNT 0.80 1.35 0.59

PEO 1.20 1.44 0.83

Liquid

electrolyte 21.00 1.06 0.00

Ta-LLZO 55.00 5.00 12.00

Li-metal 1.73 0.53 2.24 3861 6.68

Total 83.73 17.60
Energy Density (Wh/kg) 134

Average Voltage=2.15V Energy Density (Wh/L) 639
Projected (Wh/kg) 257
Projected (Wh/L) 1308

* Cell energy density calculated based on the cathode area and the amount of Li used
is based on the capacity match: mesuifur) X Cesutfury=m(viy X C(Li), where m and C represent
the mass and capacity, respectively. Ceuifury = 1670 mAh/g. The capacity curve (1307
mAh/g) at 0.03C revealed an energy density of 639 Wh/L and 134 Wh/kg. To make
our results comparable with the published ones, all the data shown in Figure 4.17a are
calculated in the same way.

** Based on the calculated values from Table 4.4, the N/P ratio of the assembled garnet
Li-S battery was ~1.9. An excess lithium of ~1.5 mg/cm? was used for contact with the
current collector as demonstrated in our previous work(70).

*#* The projected energy density in Table 4.4 was calculated by simply reducing the
dense layer of the bilayer LLZO to be 10 um (the actual dense layer thickness of 95
um) while keeping all other parameters the same as the actual case.
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Table 4.5. The Comparison on initial discharge capacity and its related energy density
of our work with the state-of-art published results

Sulfur Temperature Main Electrolyte Initial Energy Density Ref.
Loading Electrolyte  Thickness Discharge
mg/cm? (um) Capacity
(mAh/g)  WH/L | Whikg
2223 RT LLZO 100 1250 397 65 (96)**
| RT LLZO 1200 1150 20 4 (97)**
0.8 RT LLZO 1200 ~1150 17 3 (98)**
| RT LLZO 1000 1173 24 5 (99)**
| RT LLZO 1000 1150 20 4 (100)**
32 RT LLZO 700 1050 85 18 (101)**
7.5 RT Bilayer Dense: 35 645 511 248 (58)
LLZO Porous: 70
54 RT Trilayer Porous: 70 1169 633 272 (69)
LLZO Dense: 30
Porous: 70
4 RT Bilayer Ta- Dense: 95 1307 639 134 This
LLZO Porous: 25 work
4 RT Bilayer Ta- Dense: 10 1307 1308 257 This
LLZO Porous: 25 work
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Figure 4.17. Cell energy density evaluation. a) and b—c) The comparison of initial

discharge capacity and energy density in this work with state-of-art published

results(58, 69, 96—-101), respectively.

Based on the results reported in this work, by simply reducing the dense layer

thickness to 10 pm as we have previously demonstrated(70), and maintaining the 4

mg/cm? sulfur loading, the energy density would be 1308 Wh/L and 257 Wh/kg (Figure

4.17, open violet star). Further energy density predictions based on different parameter

optimizations of the PEO/bilayer design are shown in Figure 4.18. With the further

assumed amount of CNT and liquid electrolyte, an exceptionally high energy density

of 1308 Wh/L and 485 Wh/kg could be achieved when the dense layer thickness is 10

um.
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Figure 4.18. The further energy density prediction based on different parameters
optimizations of the PEO/bilayer design versus sulfur mass loading and varying dense
layer thickness in the bilayer Ta-LLZO.

* The reasonable assumptions are a following to obtain the values in Figure 4.18:

« The projected value uses the sulfur specific capacity of Cgufur) = 1307 mAh/g to
match with Li anode to get the amount of Li needed.

« A porosity of 55% of the porous layer is used and its thickness is derived from the
volume of Li metal.

o The amount of cathode and liquid electrolyte is calculated in such way:
sulfur(vol%):CNT(vol%)= 9:1; cathode(vol%):liquid electrolyte(vol%)=7:3.

4.4 Conclusions

We demonstrated that La segregation to the garnet surface reacts with sulfur
cathodes and is corelated with the cell failure/degradation mechanism in garnet-type
Li-S batteries. To resolve the challenge, PEO/LiFSI was applied to physically separate
the sulfur cathode and LLZO and it effectively improved the performance of garnet Li-
S full cells by introducing a stable polymer/ceramic interface. A high sulfur mass
loading (4 mg/cm?) on a planar garnet surface was able to achieve a capacity of 1307
mAh/g and a good energy density of 639 Wh/L and 134 Wh/kg at RT was demonstrated.
By simply reducing the LLZO dense layer thickness to 10 um as we have previously
demonstrated(70), this battery could achieve a higher energy density of 1308 Wh/L and
257 Wh/kg. The stability between PEO-based film and Ta-LLZO were systematically
studied through XRD and XPS analysis, the bulk Ta-LLZO structure and the valence
state of La*" and Zr*" do not change from 10 nm deep and below after cycling indicating
the PEO-based layer can form a chemically and electrochemically stable interface with
the Ta-LLZO ceramic electrolyte. In addition, finite element analysis showed a PEO-

based interlayer inserted between the bilayer Ta-LLZO and the sulfur cathode could
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accommodate the stresses associated with sulfur volume expansion during lithiation,

thereby eliminating the risk of Ta-LLZO fracture and potential short circuit.
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Chapter S: High Sulfur Loading and Capacity Retention in
Bilayer Garnet Lithium-Sulfur Batteries with Gel Polymer

Electrolytes

5.1 Introduction

From the sulfur cathode side, our studies in Chapter 4 have indicated the sulfur
cathode/Ta-LLZO interface can be unstable, with the sulfur reacting with La-
segregation phases at the LLZO surface. At the same time, the huge sulfur volume
expansion during discharge (~80%)(67, 68) applies significant stress/strain to the sulfur
cathode/Ta-LLZO interface and may cause cracking. In Chapter 4, to solve these issues,
we added a PEO-based interlayer between the sulfur cathode and bilayer Ta-LLZO to
improve the chemical and mechanical stability of the interface during cycling, with the
resulting Li-S battery demonstrating a high initial discharge capacity of 1307
mAh/g(119). However, a relatively large amount of catholyte (20 uL/cm?) was used
and relatively fast capacity decay was observed when cycling at 22°C, reducing cell
energy density. Likewise, the low sulfur mass loading and the high mass of thick LLZO
separators(96-98, 100) in these cells negatively impacted their energy densities.

To address these issues, we have developed an innovative gel polymer
electrolyte (GPE) as catholyte to replace the PEO as a stabilizing interlayer between
the cathode and the thin bilayer Ta-LLZO electrolyte. The GPE was synthesized in-situ
on the dense Ta-LLZO surface, to stabilize the sulfur cathode/Ta-LLZO interface while

maintaining good physical contact.
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5.2  Experimental

LLZO Synthesis: Ta-doped LLZO was prepared through solid state reaction.
Stoichiometric amounts of lithium hydroxide monohydrate (LiOH-H2O, 98%, Alfa
Aesar), tantalum oxide (Ta20s, 99.85%, Alfa Aesar), zirconium oxide (ZrO2, 99.9%,
Inframat Advanced Materials) and dried lanthanum oxide (La2O3, 99.99%, GFS
Chemicals) were ball milled and calcined at 900 °C for 10 hours in a magnesium oxide
crucible. The as-calcined powder was again ball milled for 24 hours in 2-propanol.
After drying the calcined powder, it was pressed into pellets and covered with sufficient
mother powder before sintering at 1100 °C for 8 hours. The sintered pellets were
mechanically polished to a desired thickness using silicon carbide abrasive discs
(LECO Corp.) with different grit size (#400—2000) to create a smooth surface. XRD
was used to confirm the pellets were pure cubic phase LLZO (Figure 5.1). The
synthesis process for Ta-doped LLZO bilayer (Figure 5.2) was based on the synthesis
process for Nb-doped LLZO discussed in our previous publication(58), with the Ta
precursor replacing the Nb precursor. Specifically, fish oil, toluene and Isopropyl
alcohol were added into the calcinated powder and ball milled for 24 hrs. Subsequently,
benzyl butyl phthalate, polyalkylene glycol and polyvinyl butyral were weighed out
and mixed for another 24 hrs. After that, the slurry was centrifugally dried for 30-40
min. For the dense layer, the slurry was directly cast at 10 cm/min through a doctor
blade onto a mylar sheet while being heated at 120°C. For the porous layer, poly(methyl
methacrylate) spheres were added into the slurry and ball milled for another 1hr before
tape casting. The dense tape and porous tape were laminated together using a hot press

roller. After that, the bilayer tape was sintered in a tube furnace at 1100°C. The Li2CO3
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on the surface of the bilayer LLZO and LLZO pellet was removed by heating the
samples to 800°C for 2 hours under inert gas flow. After that, a ZnO ALD coating layer

was deposited using an ATHENA ALD system (Forge Nano Inc.).

Ta-doped LLZO pellet

Intensity (a.u.)

N[

Standard cubic LLZO PDF#45-0109

10 20 30 40 50 60 70
2-Theta (Degree)

Figure 5.1. The XRD pattern of the Ta-LLZO pellet for symmetric cell studies,

showing its pure cubic garnet phase.

Figure 5.2. (a). Secondary electron mode and (b). back scatter electron mode SEM
images of the as-synthesized bilayer Ta-LLZO. The dense layer and porous layer
thickness are 40 and 55 um, respectively.
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GPE preparation: LiFSI (99.9%, Alfa Chemistry) was vacuum dried at 120°C
for 24 hours before use. DOL (99.8%, Millipore Sigma) and DME (99.5%, Millipore
Sigma) solvents were dried by 4 A molecular sieves (Millipore Sigma) for at least 3
days before use. The liquid solutions of 1M/2M/3M LiFSI in DOL were drop-casted
on the dense side of the bilayer LLZO, followed by heating to 45°C overnight and then
resting at 22°C for 24 hours in a low illumination environment to enable DOL
polymerization. After that, a solution of 1M LiFSI in DME was drop casted on top of
the polymerized DOL, creating the GPE. The solutions of 1M/2M/3M LiFSI in DOL
and solution of 1M LiFSI in DME were mixed in volume ratios of 1:1. All preparations
were performance in an Ar-filled glovebox.

SPAN cathode preparation: Elemental sulfur (S, Millipore Sigma) and
polyacrylonitrile (PAN, Mw. ~ 151,000, Millipore Sigma) was mixed with a mass ratio
of 8:1 and high-energy ball milled overnight. After that, the S and PAN mixture was
heated to 300 °C at a heating rate of 5°C/min, held at 300 °C for 7.5 hours under flowing
Ar, and then cooled to 25°C. The obtained SPAN powder was mixed with carbon black
(H.M. Royal Inc.) in a mass ratio of 8:2 and dispersed in N-Methyl-2-pyrrolidone
(NMP, 99.5%, Millipore Sigma), followed by strong stirring to ensure uniform mixing.
The SPAN/carbon black suspension was then drop cast onto a carbon felt to achieve a
sulfur mass loading of 5.2 mg/cm?, followed by drying at 100°C overnight in an Ar-
filled glovebox with Oz < 0.01 ppm and H20 < 0.30 ppm. Sulfur made up 44 wt% of
the SPAN material (Table 5.1) as determined by elemental analysis using a carbon and

nitrogen analyzer with experimental details shown in characterization part.
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Table 5.1. The Elemental Analysis of Carbon and Nitrogen in SPAN powder

Element Weight %
CK 40.7
NK 14.6

* The sulfur weight percentage based on the elemental analysis is S(wt. %) + H(wt. %)
= 100%—41%—15%= 44.7%, which is consistent with EDX point scanning results.

**Considering that Hydrogen makes up ~1 wt.% of the SPAN total mass(22) and
cannot be detected by elemental analysis, a final sulfur weight percentage of 44% is

used for specific capacity and energy density evaluations.

Electrochemical Measurement: 2032 type coin cells (MTI Corp.) were used for
all battery cycling measurements, which were conducted using an Arbin BT 2000
instrument. The coin cells were rested at 22°C for at least 24 hours before cycling. The
voltage cutoffs were set to 1V and 3.2V (vs. Li"/Li), followed by a constant voltage
charge at 3.2V until current fell to 0.087 mA/cm?. The current density of 0.435 mA/cm?
was used during constant-current charge process for all the battery tests. The cell
capacity was calculated based on the mass of sulfur in SPAN. EIS measurements for
calculating GPE conductivity were performed by a Solartron 1260 Impedance/Gain-
phase Analyzer with a voltage amplitude of 25 mV and a frequency range of 0.1 MHz
to 100 Hz, and a stainless steel/GPE/stainless steel cell configuration was used. The

EIS measurements were performed in the Ar-filled glovebox. The ionic conductivity
of the GPE was calculated using Ohm’s law: ¢ = %i, where R, A, and L were the total

resistance, the area and the thickness of the GPE, respectively, The GPE/LLZO

interfacial EIS was measured by using a Bio-logic VSP-300 potentiostat. The areas
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used of ASR/conductivity calculations were taken to be the SPAN cathode area.
Impedance curve fitting was performed using the Z-fit software.

Characterizations: (1). SEM and EDX images were captured with a Tescan
GAIA FEG SEM. All samples are washed with NMP and dried before characterization.
(2). ATR-FTIR was recorded by NEXUS 670 FTIR instrument. The background signal
was subtracted before any ATR-FTIR measurement. (3). The elemental analysis was
conducted by LECO 628 carbon nitrogen analyzer. Samples were combusted at 950°C
and CO> was measured by infrared detection, while nitrogen gas was measured by
thermal conductivity. Analytical results were reported as percent carbon (%C) and
percent nitrogen (%N) and calculated from the mass of the sample placed inside a Tin
sample cup. (4). TEM observation was performed on JEM 2100F (JEOL, Japan) at 200
keV. All samples were washed by NMP solvent and dried before characterization. (5).
XRD was performed using a C2 Discover diffractometer (Bruker AXS) with a Cu Ka
radiation source (A = 1.54056 A) operated at 40 kV and 40 mA. The samples were
rinsed by NMP and DME solvents before XRD measurements. (6). All the samples
were transferred to He glove box in a sealed bag prior to XPS measurements. The glove
box atmosphere was kept < 0.1 ppm Oz and < 0.0 ppm H>O. The samples were loaded
on a ca. 2 cm diameter puck with Cu tape and transferred to XPS chamber without air
exposure using air-tight transfer vessel. XPS spectra were obtained with the Kratos
Axis UltraP'P? using monochromatic Al Ka (10 mA, 15 kV). XPS scans were carried

out at 20 eV pass energy. Charge neutralizer was used during the measurements with

2 Certain commercial equipment, instruments, materials, suppliers, or software were identified in this paper to
foster understanding. Such identification does not imply recommendation or endorsement by the National Institute
of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best
available for the purpose.
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filament current of 1.8 A and charge balance of 2.5 V. XPS spectra was analyzed with
CasaXPS(82). All the spectra were referred to C 1s peak of hydrocarbon at 284.8 eV.
Tougaard-type background was subtracted before deconvolution and analysis of the

peaks.

5.3 Results and Discussions

5.3.1 In-situ Gel Polymer Electrolyte

Figure 5.3a shows a schematic of our innovative GPE/Ta-LLZO hybrid
electrolyte. A thin ZnO layer was deposited on both sides of the bilayer Ta-LLZO to
improve wetting between the Li metal and the Ta-LLZO (on the anode side)(57, 81)
with an average thickness of ~9 nm. During cell fabrication, we observed that the ZnO
also improved the wetting between the GPE and the Ta-LLZO (on the cathode side).
The GPE interlayers were synthesized with three different LiFSI salt molar
concentrations of 1M, 2M, and 3M. For the sake of brevity, the mixtures will be
referred to as “1M GPE”, “2M GPE”, and “3M GPE”, respectively.

The GPE was characterized by ATR-FTIR in Figure 5.3b. Within the
fingerprint region (i.e., below 1500 cm!), the IM GPE showed -O-C- stretching of the
DOL (i.e., the GPE precursor) transmittance peak at 1080 cm’!, indicating the presence
of residual unpolymerized precursor. In contrast, no residual unpolymerized precursor
was observed in the ATR-FTIR spectra for the 2M GPE and 3M GPE, indicating they
were completely polymerized. Additional detail regarding the GPE peaks is provided

in Table 5.2.
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Table 5.2. The ATR-FTIR details of the GPE

Wavenumber (cm™) Interpretations Ref.
748 and 833 -C-H bending of poly- (120)
DOL
916 -C-H out of plane (121)

stretching of DOL
1080 -O-C stretching of DOL (121)
1103 -OLi edging group of (122)
poly-DOL

| 1176 (after adding DME) | -O-C- stretching of DME | (123)

The average GPE thickness is 2.5-3 um. The conductivity of the GPEs was
measured using EIS. From the Nyquist plot in Figure 5.3c, the average ionic
conductivity of 1M, 2M, and 3M GPE at 22°C was 5.6, 4.5, and 3.5 mS/cm, respectively
(Figure 5.4). Because of their high conductivity, the average area specific resistance
(ASR) of the bulk 1M, 2M, and 3M GPEs contributes only 4.7, 5.6, and 8.6 ohm-cm?,

to the total cell ASR.
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Figure 5.3. (a) Schematic illustration of our cell configuration and the in-situ formed
GPE on the bilayer LLZO. (b). The ATR-FTIR of the pure LiFSI, DOL, poly-DOL,
DME and the GPE. (c). EIS measurement of different concentrated GPE. The
frequency range is from 0.1MHz to 100 Hz with an amplitude of 25 mV.

66



N 1M GPE
N 2M GPE
[ 3M GPE

»
T

lonic Conductivity (mS/cm)
N £

0

Figure 5.4. The ionic conductivity of different GPEs.

The impedance of the GPE/Ta-LLZO interface (for 1M, 2M, and 3M) and the
GPE/SPAN cathode interface was also measured (Figure 5.5). The equivalent circuit
of these systems are shown in Figure 5.5a and Figure 5.5b. The overall interfacial ASR
between the GPE and the Ta-LLZO was 31 ohm-cm? (1 M) (Figure 5.5¢), 46 ohm-cm?
(2 M) (Figure 5.4d) and 63 ohm-cm? (3 M) (Figure 5.5¢), respectively. The overall
interfacial ASR between the GPE and the SPAN cathode was very low, measuring only
3.5 ohm-cm? (1 M), 4 ohm-cm? (2 M), and 5.5 ohm-cm? (3 M), respectively (see

Figures 5.5f-g).
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Figure 5.5. The interfacial impedance between the GPE and Ta-LLZO. (a). Equivalent
circuit of the Stainless Steel (SS)/GPE/Ta-LLZO pellet/GPE/Stainless Steel (SS) cell
configuration. Ry is the environmental resistance and Rgpk is the resistance contributed
from GPE. Rg, Rgs, Rar, Rw is the resistance of bulk Ta-LLZO, Ta-LLZO grain
boundary, interface between GPE and Ta-LLZO and the Warburg resistance,
respectively. CPEg, CPEgs, CPEgL and CPEw are the constant phase element of Ta-
LLZO grain, Ta-LLZO grain boundary, the interface between GPE and LLZO and
Warburg diffusion tail, respectively. (b). Equivalent circuit of the SPAN cathode/GPE/
GPE/SPAN cathode cell configuration. Ry is the environmental resistance. Rc, Reg,
Rw is the resistance of the SPAN cathode, interface between SPAN cathode and GPE
and the Warburg resistance, respectively. CPEc/c and CPEw are the constant phase
element of the interface between SPAN cathode and GPE and Warburg diffusion tail,

respectively. The analytical approach was the same here as in our previous
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publication(1). (c—e) are the EIS of the SS/IM GPE/Ta-LLZO pellet/2M GPE/SS,
SS/2M GPE/LLZO pellet/2M GPE/SS and SS/3M GPE/LLZO pellet/2M GPE/SS
symmetric cell, respectively. The frequency was from IMHz to 100 Hz. (f~h) are the
EIS of the SPAN cathode/1M GPE/SPAN cathode, SPAN cathode/2M GPE/SPAN
cathode and SPAN cathode/3M GPE/SPAN cathode symmetric cell, respectively. The
frequency was from 1MHz to 1 Hz.

The GPE/LLZO interfacial resistance (Rg1) was tested through GPE/LLZO/GPE
symmetric cell and calculated using the following equation:

_ Ryt =Ry — Rgpg — Rg — Rgp
Rg/ = >

The GPE/SPAN cathode interfacial resistance (Rg1) was tested through SPAN
cathode/GPE/SPAN cathode symmetric cell and calculated using the following
equation:

_ Riyoe = Ro — Repe—R¢
Rg) = >
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5.3.2 Electrochemical Performance of GPE/Bilayer Ta-LLZO Cells

The electrochemical cycling performance of all our garnet Li-S cells was tested
at 22 °C using a high sulfur mass loading of 5.2 mg/cm? and different GPE
concentrations. The 1M GPE cell was unable to properly cycle due to an infinitely long
charge time (Figure 5.6a) at a discharge/charge current density of 0.87/0.435 mA/cm?.
Conversely, both the 2M and 3M GPE cells charged and discharged normally as shown
in Figure 5.6b—f, Figure 5.7 and 5.8. The performance of different cells for long cycling

test in this work were summarized in Table 5.3.

Table 5.3. Electrochemical performance of different pairs of 2M and 3M GPE cells

Cell Type Discharge Current | Discharge Capacity | CE Energy Density
(Cell Number#) | Density (mA/cm?) (mAh/g) (%) (Wh/kg/Wh/L)
2M GPE (#1) 0.87 1542 (1379) 100.3 | 223/769
3M GPE (#2) 0.87 1312 (1316) 98.4 | 185/647
2M GPE (#3) 1.74 1367 (1218) 99.3 | 199/686
3M GPE (#4) 1.74 1266 (1116) 100.1 | 173/604

* The charge current density for all the cells was 0.435 mA/cm?. The energy density
was calculated based on the initial discharge capacity.

** For the discharge capacity, it is listed as initial (average) discharge capacity.

*** CE is Columbic Efficiency.

EIS measurements show that the 2M and 3M GPE cells had total ASR values
of only 105 ohm-cm? and 124 ohm-cm?, respectively (Figure 5.9). Figure 5.6b—d
illustrate the long-term cycling performance of the 2M (cell #1) and 3M GPE (cell #2)
cells discharged at 0.87 mA/cm? at 22°C. The 2M GPE cell demonstrated high initial
capacity of 1542 mAh/g with an average capacity of 1379 mAh/g over 60 cycles.

Similarly excellent performance was shown by the 3M GPE cells, with an average

capacity of 1316 mAh/g. Both the stability under cycling and the magnitude of battery
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capacity (under high sulfur mass loading and high current density) suggest that a stable
cathode/electrolyte interface was successfully formed with almost no capacity fade for
60 cycles. Unfortunately, cell #1 and #2 testing was disrupted by a lab power loss after
60 cycles resulting in premature cell failure.

In Figure 5.6e the cycling stability of both the 2M (cell #3) and the 3M (cell #4)
GPE remained after increasing the discharge current density to 1.74 mA/cm?. The
average discharge capacity of the 2M GPE cell was 1218 mAh/g for the first 265 cycles
with 80% capacity retention. The average discharge and charge voltage was 1.73 V and
2.26 V, respectively. Note that, the 80% capacity retention was calculated after the
capacity of cell #3 was stabilized at the 5th cycle. The 3M GPE cell had an average
discharge capacity of 1116 mAh/g over 200 cycles.

In Figure 5.6f, the capacity recoverability of the 2M GPE design was evaluated
using cell #5 for a sequence of discharge current densities:1.74 mA/cm? (0.2C, 1C =
1670 mA/g), 2.61 mA/cm? (0.3C), 4.35 mA/cm? (0.5C), 8.7 mA/cm? (1C) and then
back to 1.74 mA/cm? (0.2C), with 10 cycles for each condition. It was observed that
the average discharge capacity for the 10 cycles at 8.7 mA/cm? was as high as 1015
mAbh/g, 74 % of the average discharge capacity (1375 mAh/g) at 1.74 mA/cm?. When
the cell was switched from 8.7 mA/cm? back to 1.74 mA/cm?, the final average
discharge capacity was 1293 mAh/g, which was comparable to the initial average
discharge capacity observed for the first 10 cycles at 1.74 mA/cm?. (The voltage profile
of the rate test is shown in Figure 5.86.) This demonstrates that even relatively high C-
rates for Li-S cells are possible with our GPE-stabilized sulfur cathode/Ta-LLZO

interface.
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Figure 5.6. The electrochemical performance tests of our GPE/bilayer Ta-LLZO
designs. (a) The voltage profile of the IM GPE cell. The charge process cannot be
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finished. (b) and (c) Cycling performances of 2M and 3M GPE cells, respectively. (d)
Cycling performances of 2M and 3M GPE cells. The discharge and charge current
density for (a)—(d) are 0.87 mA/cm? and 0.435 mA/cm?, respectively. (e). Cycling
performances of 2M and 3M GPE cells at a discharge current density of 1.74 mA/cm?,
(f). Capacity recoverability/C-rate performances of the 2M GPE design ranging from
1.74 mA/cm? to 8.7 mA/cm? and then back to 1.74 mA/cm?. Note that, c-rate is based

on the theoretical capacity of elemental sulfur.
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Figure 5.7. The voltage profile of the (a) 2M GPE/bilayer Ta-LLZO and of (b) the 3M
GPE/bilayer Ta-LLZO with an optimized cycling voltage window at a discharge
current density of 1.74 mA/cm?.
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Figure 5.8. The voltage profile of the capacity recoverability test of Figure 5.6f. The
current density (discharge/charge) of cell #5 at the 5th, 15th, 25th, 35th and 45th cycle
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is 1.74/0.435,2.61/0.435, 4.35/0.435 and 1.74/0.435, respectively. The current density

unit is mA/cm?.
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Figure 5.9. The electrochemical characterizations of GPE/bilayer LLZO Li-S batteries.
(a) and (b) are the EIS measurement of 2M and 3M GPE/bilayer Ta-LLZO batteries
before cycling at 22°C with an amplitude of 10 mV and a frequency range of 7 MHz to
0.01 Hz, respectively.

5.3.3 Cell Performance Comparison

Achieved cycle number, average discharge capacity and energy density are
critical factors for battery performance evaluation. Cell #3 (Figure 5.6e), which
achieved an average discharge capacity of 1218 mAh/g for over 265 cycles,
outperformed previously published garnet Li-S cells, as shown in Figures 5.10a and
5.10b.

Similarly, cell #1 produced a high initial discharge capacity of 1542 mAh/g
(Figure 5.6d) at 0.87 mA/cm?, which corresponds to an energy density of 223 Wh/kg
(769 Wh/L), shown in Table 5.3 and Figures 5.10 b—d. This is among the highest values

reported for garnet Li-S cells to date. Moreover, by simply reducing the dense layer
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thickness to our previously demonstrated 10 um(28), we can project an energy density
of 296 Wh/kg (924 Wh/L), as indicated in Figures 5.10c and 3d. Energy density
calculations can be found in Table 5.4. A comparison of our work with state-of-art
results for garnet Li-S cells is shown Table 5.5.

In addition, for a projected Ta-LLZO dense-layer thickness of 10 um, further
energy density projections based on different sulfur loading (mg/cm?) are shown in
Figure 5.11. For example, for a sulfur loading of 7.5 mg/cm® as we previously

demonstrated(29), an energy density of 361 Wh/kg and 1116 Wh/L is achievable.
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Figure 5.10. Cell performance evaluation. (a), (b) and (c—d) are the comparison of total
number of cycles, average discharge capacity and energy density, respectively. Note
that, open stars and solid stars indicated the demonstrated and projected energy
densities, respectively. Note that, in Figure 3c—d, the open and solid red stars
represented the achieved energy density based on initial and average capacities,
respectively. The open and solid violet stars represented the projected energy density
based on initial and average capacities, respectively. The detailed values are quantified

in Table 5.5 with references cited.
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Table 5.4. The demonstrated energy density of the 2M GPE/bilayer Ta-LLZO design

based on initial discharge capacity

Material | Mass Density | Volume Average Energy Charge
(mg/cm?) | (g/cm®) | (uL/cm?) | (Wh/cm?) (mAh)
SPAN 11.8 1.18 5.59 13.74 8.68
Carbon 3 1.80 1.67
2M SPE 7.19 N/A 0.00
Liquid
electrolyte 5.25 1.06 0.00
Ta-LLZO 32.00 5.00 9.50
Li-metal 2.25 0.53 1.11 8.68
Total 59.00 17.87
Energy Density (Wh/kg) 223
Energy Density (Wh/L) 769

*For a dense layer thickness reduced to 10 um, the total mass of the bilayer Ta-LLZO
is lowered to 17 mg/cm?.

** In reality, 150-200% excess Li metal was used in making cells to get a good physical
contact between stainless steel spacer and Li metal after melting. This 150-200%
excess Li metal led to a thickness and capacity of ~63-85 um and 13—17 mAh/cm?,
respectively. However, this excess amount of Li can be reduced or eliminated by
engineering-level adjustment.

1). For all calculations, the sulfur weight content of 44% in the SPAN electrode is
applied which keeps consistent with the elemental analysis results.
2). The capacity match is used to get the amount of Li metal needed for the battery
designs.

m(sulfur) X c(sulfur)

m(Li) = (L)

where m(Li) and m(sulfur) are the areal mass of Li and sulfur (5.2 mg/cm?),
respectively. c(Li) and c(sulfur) are the capacity of Li (3860 mAh/g) and of sulfur
(1670 mAh/g).

m(sulfur) x c(sulfur) 5.2 mg/cm? x 1670 mAh/g

m(Li) = (LD 3860 mah/g

= 2.55mg/cm?
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3). The volume of the SPAN cathode is the same as PAN polymer host that confine the
active sulfur materials.
4). GPE eventually can be absorbed by the cathode or fill the pores of the cathode which

does not contribute additional volume when calculating the volumetric energy density.

Table 5.5. A comparison of our work with the state-of-art published results

Electrolyte Sulfur Loading | Discharge Cycles | Discharge Capacity | Energy Density Ref.
(mg/cm?) (mA/cm?) (mAh/g)* (Wh/kg/Wh/L)*

LE*/LLZO 1 0.1 10 ~1000 (~900) 10/50 (124)

LE/LLZO 1 0.2 50 ~850 (~800) 8/47 (124)

LE/LLZO 1.2 0.36 5 900 (~850) 69/332 (66)

LE/LLZO 32 0.3 50 1000 (~975) 18/81 (101)

LE/LLZO 23 0.19 130 1250 (~800) 66/397 (96)

LE/LLZO 0.8 0.08 50 1150 (~700) 3/16 (97)

LE/LLZO 1 0.334 200 ~1150 (~800) 4/20 (100)

LE/LLZO 1 0.2 200 1190 (~700) 524 99)

LE/trilayer 54 1.62 5 350 (350) 81/189 (69)

LLZO

Ionic liquid 53 0.22 8 1244 (~1100) 195/450 57

/trilayer LLZO

LE/bilayer 75 02 32 645 (55) 248/511 (58)

LLZO

PEO / bilayer 4 0.2 200 1307 (395) 134/639 (119)

LLZO

2M GPE (#1) 52 0.87 60 1542 (1379) 223/769 This work

2M GPE (#3) 5.2 1.74 265 1367 (1218) 199/686 This work

* For the discharge capacity, it is listed as initial (average) discharge capacity.
**The energy density listed in the Table 5.5 was calculated based on the initial
discharge capacity.
***All the above results are tested at a temperature range of 22°C-25°C, and our work
which was conducted at 22°C. (2). LE is short for liquid electrolyte which is IM LiTFSI
in DOLDME with or without LiNOs additive.

In addition, when considering the dense layer thickness to be 10 um, further
energy density projection based on different sulfur loading (mg/cm?) are shown in
Figure 5.11. For example, when the sulfur loading would be 7.5 mg/cm? as we

demonstrated(58), a high energy density of 361 Wh/kg and 1116 Wh/L could be

achieved.
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Figure 5.11. The further energy density prediction versus sulfur mass loading by

using the dense layer thickness to be 10 ym in the bilayer Ta-LLZO.

* The assumptions to obtain the values in Figure 5.11 include:

«  Considering the balance between sulfur loading and the sulfur utilization, the sulfur
utilization was reduced by ~1% when sulfur loading increased by 1 mg/cm? as
indicated in our previous results(125).

« The projected energy density as calculated based on capacity matching the anode
Li with the cathode sulfur.

« Anaverage discharge voltage 1.715 V was used, the same as the average discharge
voltage to get the capacity of 1542 mAh/g under a sulfur loading of 5.2 mg/cm?.

« Keep all other parameters the same as Table 5.4.

5.3.3 Cell Stability Characterization

X-Ray Diffraction (XRD) scans were used to study the phase stability of the
bilayer Ta-LLZO after battery cycling. As shown in Figure 5.12, pure cubic Ta-LLZO
was well maintained after cycling the 1M, 2M, and 3M GPE cells, indicating there was
no crystal structure changes in the Ta-LLZO during the SPAN de-lithiation/lithiation
process. These measurements confirmed the phase structure stability of the Ta-LLZO

in our GPE/bilayer Ta-LLZO design.

79



1M GPE/bilayer Ta-LLZO
Jl 1| “ Y DA

2M GPE/bilayer Ta-LLZO

| Y

3M GPE/bilayer Ta-LLZO

TR T

Standard cubic LLZO PDF#45-0109

|| |||| | | ..||| 1 1 1
| 1 I I I )

10 20 30 40 50 60 70
2-Theta (Degree)

Intensity (a.u.)

Figure 5.12. The XRD pattern of the IM/2M/3M GPE/bilayer Ta-LLZO after cycling.
All of them showed a pure cubic LLZO phase without impurity.

Interfacial decomposition between Ta-LLZO and GPE due to electrochemical
reactions were investigated by X-ray photoelectron spectroscopy (XPS). Figure 5.13
shows the C 1s and F 1s spectra of Ta-LLZO which confirm the prolonged charging
issue in 1M GPE compared to the cycled charge-discharge in 3M GPE. The largest
difference of the decomposition between 1M GPE cells and 3M GPE cells was in the
comparative magnitude of the fluorinated carbon peak in the XPS spectra. In the C 1s
spectra, the lowest binding energy peak is a hydrocarbon at 284.8 eV(30). A peak at
286.2 eV is attributed to C-O bonds(37), which is likely from decomposed GPE. A
peak at 288.3 eV is attributed to ketones(3/), and a peak around 289.7 eV is attributed
to carbonates(3/). Ketones and carbonates are expected to be decomposition products
from GPE. In contrast the C 1s spectra from 3 M GPE (Figure 5.13 (b)), a prominent

peak of fluorinated carbon(37) is observed, while the peak of fluorinated carbon in 1
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M GPE shown in Figure 5.13 (a) is very small. The higher amount of fluorinated carbon
in 3 M GPE cell compared to the 1 M GPE cell suggests that the there was a greater
amount of fluorinated decomposition products formed at LLZO surface at higher
concentrations.

In the F 1s spectra, a peak around 684.8 eV is attributed to LiF(30, 37). The
amount of LiF increased for the 3 M GPE (Figure 5.13d) to nearly double the amount
in 1 M GPE (Figure 5.13c). A peak around 688.3 eV is attributed to decomposed FSI(20)
and a peak around 689.4 eV is attributed to fluorinated carbons(30, 37). The amount of
fluorinated carbon in F 1s is significantly higher in 3 M GPE than 1 M GPE, which is
consistent with the results from C 1s spectra. The peak areas of decomposed FSI and
fluorinated carbon relative to LiF peak area are larger in 3 M GPE than 1 M GPE. The
increase in the ratio of decomposed FSI and fluorinated carbon over LiF indicates that
there was difference in decomposition process of FSI.

As indicated in both F 1s and C 1s spectra, increased amount of LiF, fluorinated
carbon and decomposed FSI were observed in 3 M GPE compared to 1 M GPE. The
ratio of fluorinated carbon and decomposed FSI with respect to LiF was higher in 3 M
GPE than 1 M GPE. This suggests that the electrochemical reaction at Ta-LLZO
surface is concentration dependent. This difference in the electrochemical reactions
may have contributed to successful charging and good capacity retention of 2M and
3M GPE cells. 2M and 3M GPE did not show a prolonged charging issue as 1 M GPE.
This suggests that the change of the electrochemical reactions due to higher

concentration helped to stabilize the Ta-LLZO surface.
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Figure 5.13. XPS analysis on the electrochemical decomposition between Ta-LLZO
and GPE through XPS. C Is and F 1s spectra of Ta-LLZO charged in 1M GPE and
cycled in 3M GPE. (a) and (b) shows C 1s spectra of 1M GPE and 3M GPE,
respectively. (¢) and (d) shows F 1s spectra of 1M GPE and 3M GPE, respectively. The
same color was used for the same decomposed compounds in C 1s and F 1s spectra for

IM and 3M GPE to be easy for comparison.

The Li 1s, S 2p, N 1s, O 1s spectra of 1M GPE (Figure 5.14a—d) and 3 M GPE
(Figure 5.14e-h) are shown in Figure 5.14, respectively. Li salts such as LiF, LiOH,
Li,CO3, Li20O(83) and Li in Ta-LLZO(117) can show the peak around 55.5 eV where
the peak is observed in the Li 1s spectrum. Based on the observation of F 1s spectrum,
the peak likely includes LiF, however, does not exclude other components because of

the close vicinity of the expected peak positions.

82



The area ratio of S 2p32 and S 2p1/2 peaks were fixed to its theoretical area ratio
for fitting S 2p spectra. S 2p32 peaks at 168.9 eV, 166.9 eV, 163.6 eV, and 161.6 eV
are attributed to Li2SOs, Li2S,04, sulfides, and Li>S(83, 108), respectively.

In the N 1s spectra, a peak at 398.6 eV is attributed to nitrides(83) and a peak
at 399.9 eV is attributed to decomposed FSI(119). Compared to N 1s spectra from 1 M
GPE (Figure 5.14c), area of a peak attributed to decomposed FSI increased with the
amount of FSI increased. The result is consistent with the increased amount of F
observed in F 1s spectra of 3 M GPE compared to 1 M GPE.

In the O 1s spectra, the largest peak at 531.7 eV is attributed to carbonates(108),
and the second largest peak at 532.6 eV is attributed to ethers and/or Li2SO4(108).
ethers and Li»SO4 peaks were not clearly distinguishable due to close vicinity of
expected peak positions, but both components are expected to be present at the studied
surface based on C 1s spectrum indicating C-O and S 2p spectrum indicating Li>SOs.

A shoulder at 528.8 eV is attributed to metal oxides(83).
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Figure 5.14. (a—d) Li Is, S 2p, N 1s, and O Is spectra of Ta-LLZO in 1M GPE having
prolong charged issue. (d-h) Li 1s, S 2p, N 1s, and O 1s spectra of Ta-LLZO cycled in
3M GPE.

Based on the observations from Figure 5.13 and Figure 5.14, the list of
components formed on the surface of LLZO are followings: Li salts (includes LiF, but
may also include LiCO3, Li2O, LiOH), Li2SO4, Li2S,04, sulfides, Li>S, ethers, ketones,
carbonates, fluorinated carbons, nitrides, and decomposed FSI. While there was a larger
amount of chemicals that are associated with FSI (fluorinated carbons, decomposed
FSI) for 3M GPE the list of the observed components is the same for I M GPE and 3
M GPE.

All the XPS spectra of 2M GPE are shown in Figure 5.15. All the 2M GPE

spectra look very similar with the ones in 3M GPE cases.

85



(a) ——ciscc (b) 7000

10000 -——C 1s CO =—F 1s LiF, LaF,
= C 1s ketons F 1s decomposed FSI
«— C 1s carbonates = F 1s fluorinated carbon
8000 |- C 1s fluorinated C
[ 6000 7)) 6000
a o
o o
4000 -
2000 -
5000 -
o 1 1 1 1 1 1 1 1
296 294 292 290 288 286 284 282 280 696 652 Gé8 Gé4 GéO
Binding Energy (eV) Binding Energy (eV)
(C) 1400 (d) 1400
——Li1s LiF —— S 2p,, Li,S,0,
1200 1200 | = § 2p,;, LiSO,
— S 2p,, LiSO,
| —— $2p,, Li,SO,
1000 10001 = S2py, Li;S
[ 7)) = S2p,, Li;S
% 800 % 800 - - § 2p;; sulfides
= S 2p,, sulfides
600 | 600 |
400 - 400 -
65 60 55 50 45 185 180 175 170 165 160 155 150
Binding Energy (eV) Binding Energy (eV)
(e) 2000 (f)
e N 1s nitrides |
e N 1s decomposed FSI 50000 g :: ;:ﬁarot::i)::tes
—01s COILi,SO,
40000 -
2 1600 | 2 30000
© o
20000
10000 |
1200 L~ L ! . . 1 1 L 0 | L T T |
420 415 410 405 400 395 390 385 380 550 545 540 535 530 525 520

Binding Energy (eV) Binding Energy (eV)

Figure 5.15. C 1s, F 1s, Li 1s, S 2p, N Is, and O 1s spectra of Ta-LLZO cycled in 2M
GPE.

The difference in the electrochemical reaction may be attributed to preferred
FSI decomposition over decomposition of the solvents in 3M GPE, while

decomposition of solvents was preferred over FSI decomposition in 1 M GPE. In a

86



similar system, LiITFSI /ACN system, it is reported that the decomposition reactions of
an electrolyte differ with its concentration. It was shown by DFT-MD simulation that
AN has the unoccupied molecular orbital that is the lowest in the electrolyte in 0.4 M
LiTFSI/ACN, hence LUMO is determined by ACN. On the other hand, in 4.2 M
LiTFSI/ACN, TFSI has the unoccupied molecular orbital that is the lowest in the
electrolyte, not AN, hence LUMO is determined by TFSI at high concentration.
Accordingly, decomposition of ACN is preferred in 0.4 M LiTFSI/ACN while TFSI
anion decomposition is preferred in 4.2 M LiTFSI/ACN(126, 127). The changes of the
surface reactions in high concentration electrolytes have been reported with various
salts (LiFSI, LiTFSI, LiPFs, LiN(SO2C2Fs)2, LiClO4, etc), various organic solvents
(ACN, PC, DMSO, DME, ethylene carbonate (EC): diethyl carbonate (DEC), etc) and
with various electrode materials (graphite, Li metal, Al, LiNipsMn; 504, LiMnyOs,
etc)(126—-136).

Assuming the same analogy of the DFT-MD simulation(32, 33) can be applied,
decomposition of FSI was preferred over decompositions of solvents for the 2M and
3M cell, leading to more LiF, fluorinated carbons and FSI decomposed products
formed on Ta-LLZO surface that was characterized by XPS.

In addition to XPS spectra results, the ATR-FTIR spectra (Figure 5.3b) also
shows that, there is -O-C- stretching (1080 cm™') contributed from DOL in the 1M GPE
cell. Again, this finding suggests the DOL was only partially polymerized in the 1M
GPE. Accordingly, we infer that the incompletely polymerized 1M GPE still has

liquid-like behavior, which allowed the sulfur cathode to come into direct contact with
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the Ta-LLZO surface and react with a lanthanum-segregated secondary phase as we
demonstrated in Chapter 4, eventually resulting in cell degradation.

The morphology of the SPAN cathode before and after cycling was
characterized through SEM and EDX mapping. As shown in Figure 5.16a, the SPAN
cathode of the 1M GPE/bilayer LLZO showed severe micro-cracking after discharging
at 0.87 mA/cm? compared with pristine SPAN (Figure 5.16b). While no micro-cracking
was visible in the SPAN cathodes of the 2M/3M GPE/bilayer LLZO. This suggested
that even if the cells using 1M GPE/bilayer Ta-LLZO had been able to successfully
cycle, they would likely have shown rapid capacity decay due to the physical
breakdown of the SPAN cathode. In addition, at fully discharge/charged state, the
SPAN cathodes in 2M/3M GPE/bilayer Ta-LLZO (Figure 5.17a—d) had almost the
same morphologies as the pristine SPAN cathode (Figure 5.16b), with no micro-
cracking or delamination visible. Maintaining intact cathode morphology was critical
to achieving ultra-stable cycling performance(137). Higher magnification SEM and
EDX mapping images and analysis regarding were shown in Figure 5.18. Particularly,
Figure 5.18a—c show that the SPAN cathode particles still maintain almost the same as
the pristine SPAN after cycling in both 2M/3M GPE/bilayer LLZO cases. In addition,
it is also clear to see that the cathode particles are still tightened to the carbon fiber,
although binder free sulfur compound cathodes were used in this study and after peeling
off the SPAN from the outer part of the electrode (Figure 5.18d-1).

TEM images in Figure 5.17e—f revealed an amorphous cathode electrolyte
interface (CEI) layer had formed in the 2M and 3M GPE/bilayer Ta-LLZO batteries

during cycling and was approximately 4 nm and 5 nm thick, respectively. The thin
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intimate and conformal CEI coating layer likely helped passivate the cathode surface,
providing a stable cathode/electrolyte interface(138) and potentially helping to mitigate
interfacial stress/strain associated with the sulfur volume expansion which can help

intact particle contact.

Figure 5.16. (a) The SPAN cathode after fully discharged at 1M GPE/bilayer-LL.ZO
case configuration. (b) The SEM image of pristine SPAN cathode without

electrochemical cycling.
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Figure 5.17. The morphology of SPAN cathode after cycling. (a—b). The SPAN
cathode under fully discharged state with an applied discharge current density of 0.87
mA/cm? for 2M, and 3M GPE case, respectively. (¢c—d). The SPAN cathode after
cycling under fully charged state for 2M and 3M GPE cells, respectively. (e—f) are the
TEM images of SPAN after cycling in fully charged state for 2M and 3M GPE case,

respectively.
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Figure 5.18. The morphology of SPAN cathode before and after cycling regarding
SPAN particles and SPAN cathode coated on carbon fibers. (a). The pristine SPAN
particles. (b) and (c) are the SPAN cathode after cycling of 2M/3M GPE/bilayer Ta-
LLZO case, respectively. (d—f) and (g—1) are the SPAN coated on the carbon felt current
collector after cycling of 2M GPE/bilayer Ta-LLZO and 3M GPE/bilayer Ta-LLZO
case, respectively. The scale bar of (d-i) is 5 um. The S and N mapping are
intentionally selected because they are representative elements of SPAN. The SPAN
cathode samples coated on carbon felt were prepared by peeling off the SPAN from the
outer part of the electrode so that the SPAN cathode coated on the carbon felt can be

exposed.

5.4 Conclusions

By modifying the sulfur cathode/LLZO interface through the addition of an in-

situ formed GPE electrolyte interlayer between LLZO and both 2M and 3M GPE, we
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fabricated batteries that demonstrated stable performance and good energy densities.
For the 2M GPE cells, we obtained a high initial discharge capacity of 1542 mAh/g
discharged at 0.87 mA/cm?, corresponding to an energy density of 223 Wh/kg and 769
WH/L (cell #1). In addition, the 2M GPE cell (cell #3) could also deliver an average
discharge capacity of 1218 mAh/g (80% capacity retention) over 265 cycles discharged
at 1.74 mA/cm?. This excellent electrochemical performance was principally due to the
stabilized SPAN cathode/LLZO interface through the GPE interlayer. In particular, the
preferred FSI decomposition over decomposition of the solvents in 2M and 3M GPE,
compared to decomposition of solvents being preferred over FSI decomposition in 1 M
GPE. In addition, the stabilized sulfur cathode/LLZO interface was also likely due to
the formation of a completely intimate and conformal CEI coating layer that protected
the sulfur cathode/LLZO interface and potentially helped mitigate the stress/strain
generated by volume expansion of sulfur cathode. The stability and high performance
obtained from this new battery architecture provide a promising pathway for the
development of garnet-type solid-state Li-S batteries for practical applications

requiring high energy densities and high cycling rates.
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Chapter 6: All-Solid-State Garnet type Li-S Battery
Enabled by Inorganic Conductive Lithium Salt and 3D

Garnet Electrolyte Architectures

6.1 Introduction

In Chapter 4, we demonstrated a high initial discharge capacity of 1307 mAh/g
at 22 °C by using a PEO-based interlayer on the cathode side and an ether-based
catholyte. Later in Chapter 5, a gel polymer catholyte was introduced to further stabilize
cell cycling performance at 22 °C, achieving 80% capacity retention over 265 cycles
using sulfur in the form of SPAN. With the novel bilayer LLZO architecture applied
pressure is not necessary for cell operation. However, the flammable catholyte used to
improve the sulfur-cathode/LLZO interface compromises the safety of such solid-state
cells. Therefore, it is desirable to replace the hybridized garnet Li-S cells with all-solid-
state garnet Li-S cells.

In this work, we have designed a novel three-phase cathode consisting of sulfur
active material (Sulfur/Li redox material: SPAN), electronic conductive carbon
(graphene nanoribbons, from NTherma Corporation are trademarked as NGraphene
wires (NGW™)) and LiFSI to improve the SPAN/SPAN particle contact, lower the
contact resistance of the cathode/LLLZO interface and to provide ionic conductivity in
the composite cathode. With a thin bilayer LLZO architecture(58, 81), we demonstrate
all-solid-state garnet Li-S cell with stable cycling. In addition, with a thin 3D column

LLZO architecture, we demonstrated high-energy-density Li-S cells(139).
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6.2  Experimental

LLZO Synthesis: the synthesis process for bilayer Ta-doped LLZO was based
on the synthesis process for Nb-doped LLZO discussed in our previous publication(58),
with the Ta precursor replacing the Nb precursor. The preparation of 3D column LLZO
architecture was as follow: the garnet inks were made by suspending cubic LLZO
powder in ESL-441 (texanol-based) binder system along with an alpha-terpineol and
ethyl-cellulose mixture. The final ink was 72 wt% LLZO powder, 21 wt% ESL-441,
and 7% alpha-terpineol/ethyl-cellulose mixture. The inks were then printed/extruded
with an nScrypt 3Dn-300 printer through a 75 pm tip onto a LLZO bilayer tape
substrate. The prints were given 1 hour to settle in preparation for sintering. The
sintering condition was the same as bilayer LLZO. The Li2COs3 on the surface of the
LLZO samples was removed by heating the LLZO to 800°C for 2 hours under inert gas
flow. After that, the ZnO ALD coating layer was created using an ATHENA ALD
system (Forge Nano Inc.).

SPAN synthesis: Sg (Millipore Sigma) and PAN (Mw. ~ 151,000, Millipore
Sigma) are mixed with a mass ratio of 8:1 in a high-energy ball mill overnight. After
that, the Sg and PAN mixture was heated to 300 °C at a heating rate of 5°C/min, held
at 300 °C for 7.5 hours under flowing Ar with a gas pressure of 0.2 MPa, and then
cooled to 25°C with a cooling rate of 5°C/min.

Graphene nanoribbons from NTherma Corporation that are trademarked as
NGraphene wires (NGW™): NGW™ was derived from chemical unzipping of multi-
walled carbon nanotubes (MWCNTs). The chemicals used in unzipping the MWCNTs

were KMnQO4 and H>SO4 in aqueous solution at 80°C, which was similar to previously
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reported procedures(140). The MWCNTs were produced by NTherma Corporation by
thermal chemical vapor deposition (CVD) with patented method and process(141),
which involved growing the MWCNTs from Fe catalyst particles supported on a
stainless steel foil in a roll-to-roll fashion. The MWCNTs were mechanically extracted
from the metal foil at the interface of the MWCNTs and the metal surface, resulting in
MWCNTs with a consistent length that could be controlled by changing the CVD
growth processing conditions. The NGW™ was produced by unzipping the MWCNTs
without any purification process of the MWCNTSs. The length of the NGW™ used in
this study was 20 um (+/- 10%).

Composite cathode preparation: All the following steps were carried out in an
Ar-filled glovebox with O2 < 0.01 ppm and H>O < 0.20 ppm.

(1). For the SPAN+NGW™ two-phase cathode: NGW™ (NTherma
Corporation) was dispersed in N-Methyl-2-pyrrolidone (NMP, Millipore Sigma), drop-
casted on the dense side of the thin LLZO bilayer to obtain an areal loading of ~ 1
mg/cm? and then dried. Then SPAN and NGW™ were mixed with a mass ratio of 4:1
and dispersed in NMP, followed by stirring for 24 hours to get a uniformly dispersed
cathode suspension. The SPAN-NGW™ cathode suspension was drop-casted onto the
NGW™_coated LLZO bilayer to obtain a sulfur loading of 1 mg/cm?, followed by
drying at 130°C.

(2). For the three-phase cathode using NGW™ as the carbon source: NGW™
was dispersed in NMP, drop-casted on the dense side of the thin LLZO bilayer to obtain
an areal loading of ~ 1 mg/cm? and then dried. Then SPAN powder was mixed with

LiFSI (Alfa Chemistry) with a mass ratio of 1:1. The mixture was ground manually
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using a mortar and pestle. The as-collected powder was mixed with NGW™ with a
mass ratio of 8:1 in DME (Millipore Sigma), followed by stirring for 24 hours to get a
uniformly dispersed cathode suspension. The SPAN-LiFSI-NGW™ three-phase
cathode suspension was drop-casted onto the NGW™-coated LLZO bilayer to obtain
a sulfur loading of 1 mg/cm?, followed by drying at 22-45°C. Then 0.5M LiFSI in DME
was drop-casted on top of the deposited SPAN-LiFSI-NGW™ cathode and fully dried.
The thermal stability of LiFSI after being dried in DME solvent was shown in Figure
6.1 through ATR-FTIR, which indicated that there is no thermal run-away or LiFSI
decomposition during such heat treatment. For the composite cathode used in the
demonstration of high-energy-density cell using 3D column LLZO architecture, the
mass ratio of SPAN to NGW(TM) was 85:15 with a sulfur loading of 7 mg/cm? while
keeping all other parameters the same. Regarding the heat treatment, the composite

cathode was heated to 150 °C for five minutes on a hot plate and then cooled down.

Pristine LiFSI

RAVYERVa

LiFSI in DME

VTNV

Transmittance (a.u.)

1500 1200 900

Wavenumber cm™)
Figure 6.1. The ATR-FITR spectroscopy regarding the thermal stability of LiFSI salt
after the DME solvent is evaporated. The spectra shows the LiFSI structure is

maintained perfectly without any bonding change compared to the pure pristine LiFSI,
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indicating there is no thermal runaway or decomposition behavior during the drying

process(2—4).

(3). For the three-phase cathode using carbon black as the carbon source: the
procedure was identical to the three-phase cathode using NGW™, but the NGW™ was
instead replaced by an equal mass of carbon-black (H.M. Royal Inc.).

(4). For the LiFSI+ NGW™ cathode for CV measurement: NGW™ suspension
was drop-casted on the dense side of the thin LLZO bilayer to obtain an areal loading
of ~ 1 mg/cm? and then dried. Then LiFSI was spread on the surface of the NGW™.-
coated LLZO-bilayer and was melted at 150 °C for five minutes. While the LiFSI was
in a molten state, the carbon felt current collector was placed on top of the molten LiFSI
to enable good contact and then cooled down to 22 °C.

Electrochemical Measurement: 2032 type coin cells were used for all cell
cycling measurements, which were conducted using an Arbin BT 2000 instrument. The
voltage cutoffs for full-cell testing were set to 1 V and 3.2 V (vs. Li"/Li). EIS
measurement of the conductivity of LiFSI was conducted through using a Bio-logic

VSP-300 potentiostat with a stainless-steel/LiFSI/stainless-steel cell configuration.
The conductivity of LiFSI was calculated through: o = %i, where R, A, and L are the

total resistance, the area, and the thickness of the LiFSI, respectively. The EIS
measurement of all the Li-S full cells and the CV tests were also conducted by Bio-
logic VSP-300 potentiostat.

Characterizations: All sample were prepared and packaged in the Ar-filled
glovebox with Oz < 0.01 ppm and H>O < 0.20 ppm to avoid moisture contamination.

In addition, all the samples were not washed by any solvents before characterizations.
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(1) SEM and EDX images were captured with a Tescan XEIA FEG SEM. (2) TEM
observation was performed with a JEM 2100F (JEOL, Japan) at 200 keV. (3) ATR-
FTIR was recorded by NEXUS 670 FTIR instrument. The background signal was
subtracted before each ATR-FTIR measurement. (4) XRD was performed using a D8
Discover diffractometer (Bruker AXS) with a Cu Ka radiation source (A = 1.54056 A)
operated at 40 kV and 40 mA. The angle testing range was from 10° to 90° 20. A special
XRD sample holder with a plastic dome that is gas tightened was used to prevent LiFSI
from reacting with moisture and air. The SPAN+LiFSI composite samples for XRD
and ATR-FTIR analysis were prepared in the same way as indicated in the cathode
preparation section but without using NGW™, (5) The elemental analysis was
conducted by LECO 628 carbon nitrogen analyzer to quantify the actual sulfur content
in the SPAN powder. Samples were combusted at 950°C and CO; was measured by
infrared detection, while nitrogen gas was measured by thermal conductivity.
Analytical results were reported as %C and %N and calculated from the mass of the

sample placed inside a Tin sample cup.

6.3 Results and Discussions

6.3.1 Solid Catholyte Development

To enable a fast charge transfer process in all-solid-state cells, a solid-state
catholyte is necessary to enable Li" transport through the cathode structure and,
moreover it must provide a continuous Li* path from/to the cathode active material
(CAM). A number of inorganic solid-state catholyte materials have been investigated

including Li23C0.7B0303 (LCBO), LicPSsCl (LPS-CI), LicPSsBr (LPS-BI‘), and LigPSsI
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(LPS-I)(5, 6, 72, 142, 143). However, these were typically for co-sintering with oxide
CAMs which enable a much higher sintering temperature than is possible for use with
sulfur-based cathodes due to its limited thermal stability (e.g., S melts at 112.8°C and
has a high vapor pressure). For example, Wang et al.(5) co-sintered a composite
LiCoO; and LLZO cathode with LCBO at 700°C, well above the thermal stability limit
of sulfur-based cathodes. Similarly, the majority of halide argyrodite catholytes require
a high stacking pressure (i.e. >100 MPa) to have good CAMs/solid-state-catholyte
contact and provide good cell performance(6, 72, 142, 143) which is not desirable for
practical batteries and can be avoided using our novel bilayer/trilayer LLZO
architectures(58, 69).

Therefore, in this study we introduced an inorganic Li salt, LiFSI, as a potential
solid-state catholyte. As shown in Figure 6.2a and 6.2b, the LiFSI demonstrates an
ionic conductivity of 1.9x107° S/cm at 22 °C and 1.2x10** S/cm at 60 °C, one order of
magnitude less than LLZO but still higher than some of the alternative solid catholytes
(Figure 6.2b). Details of the ionic conductivity measurement setup and calculations are
identical to those in literature(144, 145) and are discussed in the Methods Section in
Supporting Information. LiFSI does not have significant electronic conductivity due to
its wide bandgap (~5.9 eV) (85). Moreover, of particular importance to use with a sulfur
cathode the low melting temperature (145 °C) of LiFSI allows it to spread through the
cathode matrix in the thermal stability range of SPAN (<200°C)(22, 146, 147).

The electrochemical stability of LiFSI as an ionically conductive material on
the cathode side was characterized using cyclic voltammetry (CV) on a carbon-

felt/LiIFSI+NGW™/bilayer-LLZO/Li-metal cell (Figure 6.2¢). A similar cell
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configuration was previously used to determine the stability of LLZO and sulfide
electrolyte(148). The cell was assembled by depositing NGW™ onto the dense side of
the pre-lithiated bilayer-LLZO, and then depositing LiFSI onto NGW™-coated side of
the bilayer LLZO. The LiFSI was melted at 150°C and after which the cell was cooled
to re-solidify the LiFSI and form a continuous Li" conducting path. In this
configuration, no decomposition markers for LiFSI were observed between 1 V and
3.5 V (vs. Li*/Li). The current observed between 100 mV and 900 mV was most likely

due to the decomposition of LiFSI(149).
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Figure 6.2. The electrochemical properties of pure LiFSI salt. (a). The Nyquist plot of
a cell configuration of Stainless Steel (SS)/LiFSI/SS measured over the frequency
range of IMHz to 100 Hz and a voltage amplitude of 10 mV at different temperatures.
The figure on the right is the zoomed-in version of the figure on the left. (b). The
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experimentally measured ionic conductivity of LiFSI and the ionic conductivity of
other solid-state catholytes reported in literature. lonic conductivity data for
Li23C0.7B0303 (LCBO), LisPSsCI (LPS-Cl), LisPSsBr (LPS-Br), and LisPSsI (LPS-I)
were extracted from the references(5, 6). (c). The electrochemical stability window of
LiFSI obtained by cyclic voltammetry with a carbon-felt/LiFSI+NGW™/bilayer-
LLZO/Li-metal cell. The voltage range was 100 mV to 5 V with a scanning rate of 0.1

mV/second.

6.3.2 All-Solid-State Cathode Structure

The design of our all-solid-state garnet Li-S cells is shown in Figure 6.3. SPAN
was chosen as the CAM due to its higher electronic conductivity and more stable
cycling performance compared to elemental sulfur(12, 150). However, the electronic
conductivity of SPAN is not sufficient. To overcome this issue, we investigated carbon
to provide the necessary electronic transport. Initial work using carbon black indicated
issues with the cathode cracking (Figure 6.4). Therefore, we investigated longer carbon
structures to alleviate this issue, specifically NGW™s, The individual NGW™s
provided long-range mechanical support and electronic conductivity within the cathode
(Figure 6.3), enabling heat treatment, and cycling of the cathode without cracking
(Figure 6.4). Additionally, the longer NGW™ microstructures had the potential to
create continuous electronic conductive networks at a lower volume fraction than the
discrete carbon-black particles, allowing for batteries with higher volumetric energy
densities. The LiFSI then fills the pores in the cathode after it melts to improve the
SPAN particle contact, lower the contact resistance of the cathode/LLZO interface and

to provide ionic conductivity.
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SPAN + NGW™ + LiFSI
SPAN +NGW™ + LiFSI @ 150°C

Figure 6.3. The schematics of the all-solid-state garnet type Li-S cells enabled by the
novel three-phase cathode and bilayer-LLZO electrolyte architecture. The
SPAN+NGW™-+LIFSI composite cathode was obtained through melting the LiFSI in
the SPAN+NGW™-+LiFSI mixture and then cooled.

Cathode (Carbon black) Cathode (NGW™)

Figure 6.4. The optical image of three-phase cathode after heat treatment using carbon-

black and NGW™ as carbon source.

The phase stability and chemical stability between the SPAN and LiFSI were
characterized through X-ray diffraction (XRD) and Attenuated Total Reflection-
Fourier transform infrared spectroscopy (ATR-FTIR). The XRD pattern for the
SPAN+LiFSI composite after heat treatment (Figure 6.5a) showed peaks

corresponding to pure SPAN and pure LiFSI, indicating the heat treatment used to
102



develop the cathode did not induce crystallographic changes in the LiFSI or SPAN.
ATR-FTIR characterization of the SPAN+LiFSI composite (Figure 6.5b) showed that
the vibrational bonding behavior below 1500 cm™ was identical before and after the
heat treatment. Moreover, the SPAN+LiFSI composite did not show any new bonding
vibrations compared with pure LiFSI and pure SPAN. This is further evidence that
there was no chemical reaction between LiFSI and SPAN during the heat treatment of

the cathode.
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Figure 6.5. Characterizations of the all-solid-state garnet Li-S cell regarding the
stability between SPAN and LiFSI and the morphology of cathode and cathode/LLZO
interface. (a) and (b) are the XRD and ATR-FTIR pattern of the cathode materials in

different conditions, respectively.

The morphology of the cathodes and the cathode/LLZO interface was

characterized by scanning electron microscopy (SEM) and transmission electron
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microscopy (TEM). Note that LiFSI salt was not chemically stable when exposed to
the electron beam in the SEM (Video 2) and TEM (Video 3), so all morphological
images were captured after the sample had stabilized.

SEM images of the morphology of the cathodes and the cathode/LLZO
interface are shown in Figure 6.6. The two-phase cathode without LiFSI (Figure 6.6a
and 6.6b) showed poor contact within the cathode and between the cathode and the
bilayer-LLZO. This led to an extremely high area specific resistance (ASR) of more
than 250,000 ohm-cm?, measured at both 22 °C and 60 °C (Figure 6.7a). Note that 60°C
was chosen for high-temperature cell-testing because the ionic conductivity of LiFSI
increased to approximately 10-* S/cm, which should enable relatively fast Li* transport
and good charge transfer kinetics(5, 151).

When three-phase cathode (SPAN+NGW™-+LiFSI) was applied without heat
treatment (Figure 6.6c and 6.6d), the cell showed a reduced impedance (24,500-ohm
cm? at 22 °C and 4800 ohm-cm? at 60 °C, Figure 6.7b) but still displayed a relatively
poor interfacial contact. In contrast, the cell with the heat-treated three-phase cathode
(Figure 6.6e and 6.6f) showed better inter-particle contact between the phases within
the cathode and better interfacial contact between cathode and LLZO. EIS results
yielded an ASR of 1400 ohm-cm? at 22 °C and 433 ohm-cm? at 60 °C (Figure 6.7c¢).
This decrease in ASR is due to the enhanced particle-to-particle contact in the cathode
and across the cathode-electrolyte interface of the Li-S cell. Assuming the pores in the
three-phase cathode (after heat treatment) were all filled by LiFSI, the total thickness
of the cathode layer was ~ 29 um/cm?. The actual cathode thickness cannot be captured

by SEM due to the chemical instability of LiFSI under electron beam. The TEM image
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of the three-phase cathode after heat treatment (Figure 6.8) also showed that the LiFSI

formed a contiguous coating for the other phases.

Cathode/LLZO Interface
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Figure 6.6. Morphology Characterizations of the all-solid-state garnet Li-S cell of the
cathode and cathode/LLZO interface. Cross-section SEM images (a) of the interface
between SPAN+NGW™ cathode and bilayer LLZO, and (b) of the cathode with a cell
configuration of SPAN+NGW™/bilayer-LLZO/Li-metal. Cross-section SEM images
(¢) of the interface between SPAN+NGW™+LiFSI cathode and bilayer LLZO, and (d)
of the SPAN+NGW™+LiFSI cathode. Note that the LiFSI in these SEM images was
simply mixed with SPAN+NGW™ without heat treatment. Cross-section SEM images
(e) of the interface between cathode and bilayer LLZO, and (f) of the cathode with a
cell configuration of SPAN+NGW™-+LIFSI (after heat treatment)/bilayer-LLZO/Li-

metal.
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Figure 6.7. The Nyquist plot of a cell configuration of (a) SPAN+NGW™/bilayer-

LLZO/Li-metal. The ASR at both 22°C and 60°C are more than 250,000-ohm c¢cm?. (b)

SPAN+NGW™-+LiFSI mixture (without melting LiFST)/ bilayer-LLZO/Li-metal with

an ASR of 24,500-ohm cm? at 22 °C and 4800-ohm cm? at 60 °C . (c)

SPAN+NGW(TM)+LiFSI composite (after melting LiFSI)/bilayer-LLZO/Li-metal
with an ASR of 1400 ohm cm? at 22°C and 433-ohm cm? at 60°C. The frequency ranges

from 1MHz to 0.5 Hz and a voltage amplitude of 10 mV for all tests.
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Figure 6.8. The TEM images of the three-phase cathode: SPAN+NGW ™+LiFSI (after
melting LiFSI).

6.3.3 Cell Performance

The electrochemical performance of all-solid-state garnet Li-S cells were
characterized using 2032-type coin cells with a sulfur mass loading of 1 mg/cm?. For
the two-phase cathode without LiFSI, the poor interfacial contact observed in Figure
4a—4b resulted in low discharge capacities of less than 2 mAh/g at 22 °C and less than
20 mAh/g at 60 °C (cell#1, Figure 6.9a and 6.9b). When the LiFSI was simply mixed
with the SPAN and NGW™ without heat treatment (Figure 6.6¢ and 6.6d), the cell still
showed a low discharge capacity of less than 10 mAh/g at 22 °C and less than 120
mAh/g at 60 °C (cell# 2, Figure 6.9¢c and 6.9d). In both cases, the discharge capacities

were not high enough for all-solid-state garnet Li-S batteries.
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Figure 6.9. The electrochemical cycling of all-solid-state Li-S cell with a cell
configuration of (a) and (b). SPAN+NGW™/bilayer LLZO/Li metal cells tested at
0.084 mA/cm? at 22°C and 60°C, respectively. (c) and (d). SPAN+NGW™-+LiFSI
(without melting LiFSI)/bilayer LLZO/Li metal cells tested at 0.084 mA/cm? at 22°C

and 60°C, respectively.

In contrast, the all-solid-state Li-S cell using the heat-treated three-phase
cathode showed a good initial discharge capacity of 1106 mAh/g at 22°C (Figure 6.10a,
cell #3). When the cell stabilized after the 81st cycle the average discharge capacity
was 396 mAh/g at 0.084 mA/cm? with a decay rate of ~0.4% per cycle. By comparison,
an all-solid-state Li-S cell with carbon black (instead of NGW™) as carbon source in
the cathode showed a faster capacity decay rate of ~0.7% per cycle when tested under

the same conditions (Figure 6.11), demonstrating the benefits of the NGW™,
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When the all-solid-state Li-S cell using the heat-treated three-phase cathode
was tested under the same current density at 60°C the initial discharge capacity
increased to near theoretical 1594 mAh/g (cell #4) as shown in Figure 6.10b and 6.10c.
For the C-rate performance evaluation the discharge current density was varied from
0.084 mA/cm? to 1.67 mA/cm? and back down to 0.084 mA/cm? with 5 cycles at each
current density. The discharge capacity reduced to almost zero at 1.67 mA/cm? and
recovered to 1364 mAh/g (the highest value in the last 5 cycles) when the discharge
current density was returned to 0.084 mA/cm?, indicating high-capacity recoverability
during the C-rate testing. The average discharge capacity under each C-rate is given in
Table 6.1.

The long-term cycling performance of the all-solid-state Li-S cell at 60 °C was
then tested at 0.1C due to the high capacity achieved at a reasonably high current
density (0.167 mA/cm?). Under these test conditions, cell #5 showed an average
discharge capacity of 1400 mAh/g over 40 cycles (Figure 6.10d and 6.10e). However,
the cell showed a fast capacity decay after 40 cycles (Figure 6.12a). According to the
postmortem SEM images of the cell (Figure 6.12b), the fast capacity decay was likely
due to partial delamination within the three-phase cathode and at the
cathode/electrolyte interface.

Long-term cycling performance was also evaluated at a higher discharge
current density of 0.84 mA/cm? at 60 °C (cell #6) corresponding to a 0.5C discharge
rate. Cell #6 displayed very stable cycling over 200 cycles and an average coulombic
efficiency of ~99%, but at a lower average discharge capacity of 437 mAh/g due to the

higher cycling rate indicating ionic/electronic conductivity limitations on sulfur
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utilization (Figure 6.10f and Figure 6.13a). The postmortem SEM images of the cell
(Figure 6.13b) revealed that there was little delamination within the three-phase
cathode or at the cathode/electrolyte interface. This further indicated that the relatively
fast capacity decay of cell #5 was likely due to the cathode delamination and adhesion
issues. This is in good agreement with previous reports in literature that maintaining
the integrity of the electrode microstructure is critical to achieving stable cell

cycling(137).
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Figure 6.10. Electrochemical performance of all-solid-state bilayer LLZO Li-S
cells at 22 °C and 60 °C. (a). The cycling performance tested at 0.084 mA/cm? at 22 °C
over 200 cycles. (b). The rate performance at 60 °C under different current density of
the all-solid-state garnet Li-S cell. 5 cycles were performed for each C-rate. (c) The
voltage profile of the C-rate test. (d) and (e) The voltage profile and cycling
performance of the all-solid-state Li-S cell tested at 60 °C at 0.167 mA/cm?,
respectively. (f). The cycling performance at 60 °C at a high current density of 0.84
mA/cm? (discharge)/0.334 mA/cm? (charge).
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Figure 6.11. The all-solid-state garnet Li-S cell using carbon-black as carbon source

and tested at a current density of 0.084 mA/cm? at 22 °C.
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Figure 6.12. Electrochemical and morphological characterizations of the all-solid-state
garnet Li-S batteries tested at 0.167 mA/cm? at 60°C (a). Electrochemical performances
of the all-solid-state garnet Li-S battery over the entire cycling. The cell was stopped
at 57th cycle due to a relative fast capacity decay from 41st to 57th cycle (blue region)
compared with the first 40 cycles. (b). The SEM image captured at the composite
cathode (top) and LLZO (bottom) interface of the all-solid-state Li-S cell after cycling.
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Figure 6.13. (a). The voltage profile of the all-solid-state garnet Li-S cell (cell #6)
tested at 0.84 mA/cm? (discharge current density)/ 0.334 mA/cm? (charge current
density) at 60°C under a sulfur mass loading of 1mg/cm?. (b). The SEM image captured
at the composite cathode (top) and LLZO (bottom) interface of the all-solid-state Li-S

cell after cycling of (a).

Overall, the all-solid-state garnet Li-S cells demonstrated excellent initial
cycling performance at different current densities at 22°C and 60°C and reasonably
stable cycling at 60°C (Table 6.1). We attribute the excellent cycling performance to
(1) our thin bilayer LLZO architecture (Figure 6.14) enabled by scalable tape-casting
technique that had 10 times lower ASR than thick LLZO pellets and enabled faster Li*
ion transport kinetics through the LLZO(57, 98, 99, 152); (i1) LiFSI as a high ionic
conductivity catholyte (1.9%10”° S/cm at 22°C and 1.2x10* S/cm at 60°C), which
enabled good Li" ion transport kinetics throughout the three-phase cathode and at the
cathode/LLZO interface; and (ii) good contact between within the three-phase cathode,

and along the cathode/bilayer-LLZO interface.
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Table 6.1. Cell Performance Summary

Cathode Type Temperatur | Cycles Current Density Average Discharge
(Cell Number) e Charge/Discharge (mA/cm?) | Capacity (mAh/g)
Two-phase (cell #1) 60°C 1 0.084/0.084 <20
22°C 1 0.084/0.084 <2
Three-phase (cell #2)* 60°C 25 0.084/0.084 <100
22°C 1 0.084/0.084 <4
Three-phase (cell #3) 60°C 5 0.084/0.084 1529
cycles 0.167/0.167 1186
for 0.334/0.334 736
each 0.84/0.334 407
1.67/0.334 ~5
0.084/0.084 1289
Three-phase (cell #4) 60°C 40 0.167/0.167 1400
Three-phase (cell #5) 60°C 200 0.334/0.84 437
Three-phase (cell #6) 22°C 150 0.084/0.084 445%*

*The cathode in cell #2 was before heat treatment and the cathode in cell #3-#6 was
after heat treatment.
** The value was calculated after the 81% cycle when the cell capacity got stabilized.

Figure 6.14. The SEM image of a representee bilayer LLZO with a dense layer
thickness of 45 um and a porous layer thickness of 55 ym.

6.3.4 High-Energy-Density All-Solid-State Garnet Li-S Batteries

Energy density is a critical factor for practical solid-state battery applications.
To achieve high energy density, the three-phase sulfur cathode was incorporated into a
newly invented 3D column LLZO architecture that had higher surface area and could

further increase Li" kinetics between the cathode and electrolyte in all-solid-state Li-S
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cell under high sulfur mass loading. Figure 6.15a shows the process of making the 3D
column LLZO architecture using a direct ink writing method to apply a cubic LLZO
ink to the dense side of a bilayer tape. The SEM images (Figure 6.15b) showed the
column was printed and sintered very uniformly on the dense side of the bilayer LLZO.
The whole 3D column architecture showed pure cubic LLZO phase in XRD analysis
(Figure 6.15¢), which enabled fast Li" transport throughout the entire architecture. This

3D-printing work was conducted by my colleague Griffin Godbey.
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Figure 6.15. High-Energy-Density cell demonstration using 3D column LLZO
architecture. (a) The schematics of 3D column LLZO enabled by direct ink writing.
The column was printed directly onto the dense side of the bilayer LLZO. (b) The SEM
(cross section and top view (insert)) images of the 3D column LLZO and the zoom-in
SEM image of (b) to show the well-sintered bilayer LLZO architecture. The scale bars
are 100 um. (c¢) The XRD pattern of the 3D printed column LLZO architecture. (d) and
(e) are the voltage profile and cycling performance respectively of the high-energy-

density cell with a high sulfur mass loading of 7 mg/cm? tested at 60°C.
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Electrochemical performances of the 3D column LLZO architecture were
demonstrated using an extremely high sulfur loading of 7 mg/cm? at 60°C using the all-
solid-state Li-S battery design. The all-solid-state Li-S cell enabled by the 3D column
architecture tested at 0.03C (C-rate was calculated based on the theoretical capacity of
elemental sulfur.) illustrated an exceptionally high initial discharge capacity of 1569
mAh/g (cell #7), which was ~3.5 times higher than an all-solid-state garnet Li-S cell
enabled by a bilayer LLZO architecture (444 mAh/g, cell #8 in Figure 6.16) tested
using the same sulfur mass loading (7mg/cm?) and same C-rate. Such high discharge
capacity achieved by 3D column LLZO architecture corresponded to a high energy
density of 338 Wh/kg and 797 Wh/L. The high-energy-density all-solid-state Li-S cell

performance was summarized in Table 6.2. The energy density calculation details are

presented in Table 6.3.
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Figure 6.16. High sulfur loading (7 mg/cm?) all-solid-state garnet Li-S cell enabled by
the 3D LLZO bilayer architecture tested at 60°C with current density of 0.35 mA/cm?.
(a) the cycling performance the all-solid-state garnet Li-S batteries (b). The voltage

profile of the first cycle shown in (a).
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Table 6.2. High-energy-density cell performance summary

Cell Type (Cell Number) Current Density Discharge Energy Density
(mA/cm?) Capacity (mAh/g) Wh/kg/Wh/L
Three-phase cathode/3D 0.35 1569 338/797
Column Architecture (cell #7)
Three-phase cathode/Bilayer 0.35 444 82/239
Architecture (cell #8)

* The cell testing temperature in Table 6.2 is 60°C. The sulfur loading is 7 mg/cm?.

For the energy density calculation, the following reasonable assumptions were
applied when performing the energy density calculation:
(1). The amount of Li metal was assumed to capacity match the sulfur
m(sulfur) X c(sulfur)

m(Li) = (L)

where m(Li) and m(sulfur) are the areal mass of Li and sulfur (7 mg/cm?),
respectively. c(Li) and c(sulfur) are the capacity of Li (3861 mAh/g) and the
demonstrated capacity of sulfur (1545 mAh/g).

L) = m(sulfur) x c(sulfur) 7mg/cm? x 1670 mAh/g _ s 5
m(Li) = (L) - 3860 mah/g = 2.55mg/cm

(2). The porosity of the porous layer of the bilayer LLZO was 60%.

(3). The average discharge voltage was 1.8V.
(4). The volume of the SPAN was equal to the volume of the PAN sulfur host.
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Table 6.3. The demonstrated energy density of the all-solid-state garnet Li-S battery
using 3D column structure

Material | Mass Density | Volume Specific Capacity Charge
mg/cm? | g/cm® | (nL/cm?) (mAh/g) (mAh)
Sulfur 7 2.07 1569 10.98
PAN 8.22 1.18 6.96
NGW™ 3.69 2.27 1.62
LIFSI 15.33 2.32 6.61
LLZO 21.50 5.00 4.30
Li-metal 2.84 0.53 5.33 3861 10.98
Total 58.57 24.23
Energy Density (Wh/kg) 338
Average discharge voltage = 1.8V | Energy Density (Wh/L) 797

Given the remarkably high energy density (338 Wh/kg and 797 Wh/L) achieved
through the all-solid-state garnet Li-S cells enabled by our inorganic interfacial
engineering method and 3D printed column LLZO architecture, our performance is
very promising in the field of garnet Li-S batteries (Figure 6.17). The detailed
information of the energy density comparison is also summarized in Table 6.4 with
references cited. When the dense layer thickness of the 3D column architecture reduced
to 10 um, a high projected energy densities of 387 Wh/kg and 848 Wh/L can be

achievable.
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Figure 6.17. Energy Density Comparison of the all-solid-state garnet Li-S batteries
with the state-of-art garnet-based Li-S batteries. Note that the solid square/star and open
square/star is for gravimetric energy density and volumetric energy density,

respectively. The references were cited in Table 6.4.

Table 6.4. Energy density comparison of our work with the state-of-art published
results

Cell Configuration Active material Energy Density Ref.

mass loading Wh/kg Wh/L

(mg/cm?)

Sulfur cathode/liquid 7.5 248 511 (58)

electrolyte/bilayer LLZO/Li

(hybrid cell)
Sulfur cathode/liquid 5.4 272 633 (69)
electrolyte/trilayer LLZO/Li
(hybrid cell)
SPAN cathode/ionic liquid/trilayer 53 195
LLZO/Li

(hybrid cell)

Sulfur cathode/liquid 2.25 65 397 96)

electrolyte/LLZO pellet/Li
(hybrid cell)

Sulfur cathode/liquid 32 18 85

electrolyte/LLZO pellet/Li
(hybrid cell)

Sulfur cathode/liquid 0.8 12 61

electrolyte/LLZO pellet/Li
(hybrid cell)

Sulfur cathode/liquid 1 98 171

electrolyte/LLZO pellet/Li
(hybrid cell)

450 (57)

(101)

)

(153)
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Sulfur cathode/liquid 1 14 73 (100)
electrolyte/LLZO pellet/Li
(hybrid cell)
Sulfur cathode/liquid 0.8 12 62 (98)
electrolyte/LLZO pellet/Li
(hybrid cell)
Sulfur cathode/liquid 1.2 99 482 (66)
electrolyte/LLZO pellet/Li
(hybrid cell)
LiCoO,/LCBO/LLZO pellet/Li 1 0.08 0.4 ®)
(all-solid-state cell)
LCO/LCBO/LLZO pellet/Li 3 0.3 1.2 %)
(all-solid-state cell)
Li,S/sulfide electrolyte/Li 3.6 82.5 120.5 (154)
(all-solid-state cell)
Li>S+LiTiSy/sulfide electrolyte/Li 1.5 23 38 (155)
(all-solid-state cell)
Sulfur cathode/PEO-based 0.7 158 247 (156)
electrolyte/Li
(all-solid-state cell)
Sulfur cathode/PEO-based 0.625 149 153 (90)
electrolyte/Li
(all-solid-state cell)
SPAN+NGW™-+LiFSlI/bilayer 7 338 797 This work
LLZO/Li

6.4 Conclusions

In summary, we demonstrated that LiFSI can be used as a solid-state catholyte
with an ionic conductivity of 1.9%10- S/cm at 22 °C and 1.2x10* S/cm at 60 °C, and
that it is stable with the SPAN CAM and is electrochemically stable between 1 V and
35V (vs. Li"/Li). Moreover, we developed a novel three-phase
(SPAN+NGW™+LiFSI) sulfur cathode for all-solid-state garnet Li-S cells. Replacing
traditional carbon black with NGW™ resulted in a more mechanically robust
composite cathode while maintaining a continuous electronic conductive network. Melt
infiltration of the LiFSI into the composite cathode greatly improved inter-particle
contact within the cathode and cathode/electrolyte interfacial contact. All-solid-state

Li-S cells using the heat-treated three-phase cathode demonstrated stable cycling
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performance at 60 °C with a high average discharge capacity of 1400 mAh/g at 0.167
mA/cm? for over 40 cycles and 437 mAh/g at 0.84 mA/cm? for over 200 cycles.
Furthermore, enabled by an innovative 3D column LLZO structure using 3D printing
method, the all-solid-state cathode design also demonstrated a high energy density of

309 Wh/kg and 766 Wh/L at a cell level.
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Chapter 7: Conclusions and Future Work

7.1 Conclusions

Overall, through the work in this dissertation, the energy densities of solid-state
Li-S batteries using garnet electrolyte have been greatly improved. Through Chapter 4,
I have found that La segregation of garnet electrolyte to the surface on the cathode side
led to the charge fluctuation issue which causes battery failure. To address this issue, a
PEO-based interlayer was applied between sulfur cathode and Ta-LLZO. With the help
of this protective interlayer, a high initial discharge capacity of 1307 mAh/g was
achieved with a sulfur mass loading of 4 mg/cm? at RT, corresponding to energy
densities of 134 Wh/kg and 639 Wh/L. When the dense layer of the bilayer LLZO
reduced to 10 um which is only an engineering-level adjustment, high energy densities
of 257 Wh/kg and 1308 Wh/L is achievable.

However, this solution required a relatively large amount of catholyte (20
uL/cm?), reducing cell energy density. In Chapter 5, I innovated an in-situ formed GPE
to stabilize the sulfur cathode and Ta-LLZO interface. Through XPS, it was shown that
if the salt decomposition is preferred over solvent decomposition (2M/3M GPE), the
sulfur cathode/Ta-LLZO interface can be better stabilized, compared with the case
where solvent decomposition preferred over salt decomposition (1M GPE). Through
this designed 2M GPE, high sulfur loading (5.2 mg/cm?) and high capacity retention
garnet Li-S cells were obtained. Specifically, the cell demonstrated high initial capacity
of 1542 mAh/g with an average capacity of 1379 mAh/g over 60 cycles discharged at

0.87 mA/cm? at 22°C. This high initial discharge capacity corresponds to an energy
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density of 223 Wh/kg (769 Wh/L). With the same cell configuration, another fresh 2M
GPE cell can deliver an average discharge capacity of 1218 mAh/g over 265 cycles
with 80% capacity retention under a discharge current density of 1.74 mA/cm?
Finally, since the catholytes used in Chapter 4 and Chapter 5 are flammable,
compromising on the safety of solid-state batteries. Therefore, it is critical to develop
all-solid-state garnet Li-S batteries and that is what Chapter 6 focuses on. In Chapter 6,
we report an all-solid-state garnet Li-S cell in which a solid-state sulfur cathode is
fabricated by mixing SPAN with molten LiFSI and NGW™ to improve interfacial
contact and ionic and electronic conduction throughout the solid cathode structure. This
solid SPAN+LiFSI+NGW cathode was deposited on a dense/porous bilayer garnet
structure impregnated on the porous anode side with Li metal. LiFSI has an ionic
conductivity of 1.9 x 10° S/cm at 22°C and 1.2 X 10* S/cm at 60 °C and is
electrochemically stable in the Li-S battery operational voltage window (1V-3.5V) as
a solid-state catholyte. Moreover, of particular importance to use with a sulfur cathode
the low melting temperature (145 °C) of LiFSI allows it to spread through the cathode
matrix in the thermal stability range of SPAN (<200°C)(22, 146, 147). The all-solid-
state cells obtained an average discharge capacity of 1400 mAh/g at a current density
0f 0.167 mA/cm? (0.1C) for over 40 cycles and 437 mAh/g at 0.84 mA/cm? (0.5C) for
over 200 cycles for our Li-S cell at 60°C. By applying an innovative 3D column LLZO
structure enabled by 3D printing method, an exceptionally high energy density of 338
Wh/kg and 797 Wh/L was demonstrated at 60°C under a high sulfur loading of 7

mg/cm? with the same all-solid-state cathode design.
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7.2 Future Work

Through Chapter 5, it was demonstrated that the salt decomposition preferred
over the solvent decomposition in the catholyte can fully stabilize the sulfur
cathode/Ta-LLZO interface. Therefore, it is worth to use high concentrated liquid
electrolyte (i.e. salt-in-solvent electrolyte) and/or localized high concentrated liquid
electrolyte which shows less flammability, to be an alternative as GPE to achieve good

cycling performances with high energy densities.
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