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Abstract

Growing adoption of electrified transportation (e.g., electric vehicles and electric aircraft) is promoting
research efforts into renewable and clean energy storage technologies. Hence, in recent years there has been
great interest in developing next-generation battery technologies such as solid-state lithium metal batteries
(SS-LMBs) that when compared to existing liquid-based lithium-ion batteries (LIBs), provide a compelling
potential to boost energy density (cell energy per mass or volume) and safety characteristics. Despite the
promise, the practical application of SS-LMBs is dominantly impeded by the solid-solid interface
challenges between solid-state electrolytes (SSEs) and battery electrodes. Hybrid solid-state electrolytes
that combine bulk SSEs with a tiny amount of liquids (e.g., gel or liquid electrolyte) are proposed as an
interim approach to improve the SSEs|battery electrode interfacial contacts. In a hybrid SS-LMBs, there
are different interfaces (i.e., the two-dimensional boundary between bulk SSEs and bulk electrodes) and
interphases (i.e., the three-dimensional layer that is a result of irreversible reactions between electrolyte and
electrodes) that need to be investigated to unravel their roles in electrochemical performance of the cells.
Herein, multiscale post-mortem techniques are used to study the interfaces and interphases between
ceramic-based oxide SSEs (e.g., perovskites and garnets) and the two electrodes (e.g., Li-metal anodes and
Ni-rich cathodes). The experiments reveal structural changes associated with evolutions in the chemical
composition of solid-electrolyte interphase (SEI), cathode-electrolyte interphase (CEI), and solid-liquid
electrolyte interphase (SLEI) during cycling in different cell configurations, and the results offer guidelines
for designing physiochemically stable interphases and thus prolonging cycle life.

Chapter 1 introduces the background and motivation of this thesis, the thesis objective, and the thesis
structure while Chapter 2 reviews the fundamentals of both liquid-state LIBs and SS-LMBs as well as
explains various interface and interphase phenomena and challenges in different types of batteries. In
Chapter 3, experimental methods and representative characterizations used in Chapters 4-7 are presented.
In Chapter 4, the anode interface in hybrid SS-LMBs between Li metal (Li%) and perovskite-type SSEs

(Lig.29Lao57TiO3, LLTO) is studied. The electrochemical stability of LLTO SSEs coated with three poly
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(ethylene oxide) (PEO)-based interfacial layers is also investigated. It is found that the gel PEO-lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)-succinonitrile (SN) effectively prevents LLTO reduction
against Li° while performing poorly in symmetric Li cells with a large Li nucleation overpotential.

Next, in Chapters 5 and 6, the cathode interface in hybrid SS-LMBs between Ni-rich LiNigpsMng2C0020-
(NMC 622) cathode and garnet-type (LissLazoBao.i1Zri4Taos012, LLBZTO) SSEs is explored. The results
reveal the formation and chemical composition of two interphases (e.g., SLEI and CEI) after adding a tiny
quantity (21 uL cm?, i.e., the absolute amount of liquid addition divided by the cathode surface area) of
liquid electrolyte at the cathode interface. Additionally, the capacity fade mechanism in the SS-LMBs is
reported, wherein the microstructural and chemical phase changes, oxygen vacancy formation associated
with transition metal dissolution, as well as contributions from SLEI and CEI play key roles in the
deterioration of battery performance.

Finally, Chapter 7 reports how the chemical composition of the liquid electrolyte affects the
physicochemical properties of the SEIs in LIBs. High concentrations of LiTFSI and lithium nitrite (LiNO3)
are employed to create a concentrated precipitation electrolyte (CPE) and form an inorganic-rich (e.g., LiF,
LisN, and Li,O) SEI on the surface of Li® anodes. The precipitations in the CPE act as a reservoir for salting-
out salts, leading to stabilization of the LiTFSI and LiNOj3 reduction on the Li° surface for stable cycling

performance.
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Chapter 1

Introduction

1.1 Background and motivation

“Modern society is completely dependent on fossil fuels, so there is a huge incentive to find a
replacement for the internal combustion engine”, stated Dr. John Goodenough who is widely
regarded as the father of today’s lithium-ion batteries (LIBs).! Solar and wind power are two
popular renewable energy sources; however, their intensity fluctuates with time and location.
Renewable energy sources must therefore be stored and made available on demand.

Batteries potentially offer a long-term solution as a crucial enabler that facilitates renewable energy
storage and generation. Electrifying transportation is currently leading global decarbonization;
technical advancements and initiatives in portable devices and electric mobilities (e.g., electric
vehicles and electric aircraft) heavily rely on rechargeable LIBs. Since Sony first marketed
rechargeable LIBs (e.g., using graphitic carbon as anodes and layered oxides as cathodes) in 1991,
many attempts have been made to optimize the overall LIBs chemistry (e.g., electrolyte, electrodes,
current collectors, and separators).?

Dominating commercial cells only manage to sustain around 250 Wh kg (or 700 Wh 1), as
illustrated in Figure 1.1(a) when compared to data from 2021 to 2023.% A primary goal propelling
the development of next-generation LIBs is to maximize the attainable specific energy (cell energy
per cell mass) and energy density (cell energy per cell volume). Battery 500 consortium funded by
the US Department of Energy aims to produce cells with an energy density of 500 Wh kg™ (or
almost 1 kWh I'").3 By applying lithium metal (Li’) anode and LiNipsMng Coo.1O> (NMC 811) as
the cathode, the specific energy is being approached to fabricate cells with 450 Wh kg™'. The cell
cost has simultaneously dropped from around USD$ 5,000 to USD$ 100 per kWh, as indicated in

Figure 1.1(b).>*
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Figure 1.1. (a) Comparison of the energy densities of batteries reported in 2021 (closed circles)
versus commercial cylindrical cells today (open circles). Image adapted from ref. [3].; (b) Cost

reduction of lithium batteries and increase in energy density (Wh 1"). Image adapted from ref. [4].
Solid-state batteries (SSBs) have been in the race to transform the science of safe and high energy-
density storage systems. The SSB technology is compelling, with remarkable breakthroughs from
commercial companies including Samsung, SolidPower, QuantumScape, and Toyota. Using solid-
state electrolytes (SSEs) rather than flammable liquid electrolytes (LEs) results in improved safety
and allows the incorporation of Li° anodes coupled with high-capacity cathodes (e.g., Ni-rich
cathodes) inside the batteries.’

Nevertheless, there are numerous challenges that need to be overcome to reach the full potential of
SSBs.® Among these are the lack of stable Li-ion conducting SSEs and the solid-solid interface
between SSEs and electrodes. Furthermore, the large volume change of electrodes during cycling

causes void formation at the interfaces that would block Li-ion migration.

1.2 Objectives

The overall objective of this dissertation is to investigate the interface and/or interphase phenomena
with ceramic-based SSEs for the development of efficient and high-energy density solid-state

batteries.



Among those reported SSE materials, perovskite-type (Lags7Lio20Ti03, LLTO) and garnet-type

(LisLa3Zr»01», LLZO) materials are some of the most researched because of their excellent thermal

stability (>1000 °C) window, high shear modulus (e.g., ~60 GPa of LLZO), relatively high Li-ion

conductivity at 25 °C (>10* S cm™ versus <10 S cm™! of most polymers), and wide electrochemical

window (>5 V).”” Furthermore, LLZO is relatively chemically stable when in contact with the Li°

anode compared to LLTO.” As a result, both LLTO and LLZO SSEs were chosen as the candidates

in this thesis.

To reach the above objective, four goals have been briefly explained and identified as follows:

1.

The first goal is to design and fabricate highly conductive and dense ceramic-based oxide
SSEs for SSBs. The current LLTO and LLZO SSEs, which are typically prepared by cold
pressing followed by sintering (pellets are thicker than 200 um), have a low intrinsic Li*
conductivity (e.g., <107 S cm™ at room temperature) with low relative density (e.g., <95%).
Particularly, both sintering temperature and sintering time influence the density of SSEs.
Li can be intercalated into LLTO at voltages lower than 1.8 V, leading to the reduction of
Ti** cation and hence increased electronic conductivity. It is thus necessary to introduce
coating layers upon LL'TO and physically separate it from direct contact with Li. Herein,
the second goal is to prevent the Ti** cation reduction and study the electrochemical
performance of LLTO SSEs while coated with different interfacial layers (e.g., metals,
metal oxides, and polymers) against Li in symmetric Li cells.

The poor solid-solid contacts between SSEs and battery electrodes increase the impedance
for Li-ion migration at the interfaces. The hybrid solid-state electrolyte approach has been
suggested as an interim solution for the transition and implementation of SSBs as they
contain a tiny amount of LE at the cathode interface to minimize the interfacial impedance.
However, this approach is still in its infancy and the field urgently needs a deep

understanding of the role of LE and related failure mechanisms on the battery performance.



Therefore, the third goal is to investigate the function of LE, identify different interphases,
and reveal the failure mechanism of hybrid SSBs via synchrotron-based X-ray techniques.
4. The composition of LEs is essential to form a stable solid-electrolyte interphase (SEI) layer
on the Li’ surface. Hence, the last goal is to optimize the physicochemical properties of the
SEI using a dual-anion concentrated Li-ion’s LE when used as an additive at interfaces

towards SSBs.

1.3 Thesis structure

This dissertation is arranged in the following manner.

In Chapter 2, an overview of the literature on the fundamentals of LIBs and SSBs is presented.
Different solid-liquid interfaces in LIBs and solid-solid interfaces in SSBs are reviewed,
respectively. This chapter is derived from a book chapter published in Encyclopedia of Solid-Liquid
Interfaces (Elsevier) and a review paper published in Batteries.

In Chapter 3, experimental approaches are provided. It includes information on characterizations
and techniques not covered in the experimental sections of the research papers.

Chapter 4 is derived from a research paper published in Frontiers in Chemistry. The effects of
sintering temperature on the microstructure and Li-ion conductivity of LLTO are discussed. The
chemical instability of LLTO again Li® anodes and related resolution strategies are reported.
Supplementary information related to this paper is found in Appendix 1.

Chapters 5 and 6 are derived from two consecutive research papers published in the Journal of
Physical Chemistry C. The role of liquid additives at the cathode interface between LLZO and
LiNip.sMno 2C00.202 (NMC 622) cathode is revealed via scanning transmission X-ray microscopy
(STXM) associated with X-ray absorption spectroscopy (XAS). The synergetic effects of solid-
liquid electrolyte interphase (SLEI) and cathode-electrolyte interphase (CEI) on the capacity fade
of SSBs are discussed. Supplementary information related to both papers is found in Appendix 2

and Appendix 3.



Chapter 7 is derived from a research paper submitted to the Journal of Power Sources. It reports a

dual-anion concentrated precipitation electrolyte (CPE) for activating Li-ion transport capability

and forming a robust SEI in advanced LIBs. Supporting information related to this paper is found

in Appendix 4.

Chapter 8 contains conclusions and future work.

Appendix 5 includes a list of publications, conferences, and awards related to this dissertation.
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Chapter 2

Literature review

This chapter has been adapted from a book chapter published in Encyclopedia of Solid-Liquid
Interfaces (Elsevier) (doi: 10.1016/B978-0323-85669-0.00129-X) and a review paper published

in Batteries (doi: 10.3390/batteries7040075).

2.1 Liquid-state lithium-ion batteries

Using lithium (Li) batteries for renewable energy storage is a practical solution to cut greenhouse
gas emissions at the industrial level of grid electrification and automotive transportation.! Sony was
the first to introduce rechargeable lithium-ion batteries (LIBs) to the market in 1991. LIBs have
been widely utilized in many commercial applications, such as electronic devices, electric or
hybrid-electric vehicles, electric aircraft, and stationary energy storage systems.>

The energy density of LIBs with liquid electrolytes (LEs) commonly ranges from 100 Wh kg™! to
150 Wh kg'!. As shown in Figure 2.1, a LIB has a graphite anode (e.g., mesocarbon microbeads,
C), a Li metal oxide (LiMO., e.g., LiCo0O) cathode, and an ion-conducting electrolyte embedded
in a separator consisting of a solution of a Li salt (e.g., lithium hexafluorophosphate, LiPF¢) in a
mixed organic solvent (e.g., ethylene carbonate/diethyl carbonate). A typical LIB configuration is
based on the C|LiPFs in ethylene carbonate/diethyl carbonate|LiMO, (interpreted as: graphite

anode|Li salts dissolved in organic solvents as LE|cathode,

“I” separates two phases) and operates
on the following chemical reaction:

yC+LiMO;-LiCy+Li(1-x)MO,, x = 0.6, y = 6, voltage = 3.7 V
The working principle of LIBs relies upon the Li-ions moving back and forth between the two
electrodes within the battery during the charge/discharge process. Corresponding to the equation

above, when the battery is charged, the Li-ions are extracted from the LiMO, cathode and transport

through the LiPF¢-based electrolyte toward the graphite anode. Li-ions can insert (or intercalate)

7



into the layered structure of graphite to form Li,C, (x = 0.5 and y = 6) and then the Li-ions return
to the cathode when it is discharged (or recharged). The movement of the Li-ions creates free

electrons that could drive electric devices.
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Figure 2.1. Schematic of a typical LIB. Image adapted from ref. [3].

However, the role of liquid-state LIBs in high-energy applications could be constrained by the
limited electrochemical stability window and low-level energy densities (i.e., from 100 Wh kg™ to
150 Wh kg'). The electrochemical stability window is commonly referred to the potential
difference between the cathodic and anodic limits (set by the reference of Li/Li*) where the solvent
is reduced and oxidized respectively. The electrolyte will react at the electrode interface outside of
this window, causing undesired side reactions and thereby deteriorate battery performance.

Due to its ultrahigh theoretical specific capacity (3860 mAh g') and lowest electrochemical
potential (-3.04 V versus the standard hydrogen electrode), Li metal (Li°) is alternatively applied
as the anode to increase the energy density and expand the electrochemical stability window. In
particular, when paired with different types of cathodes, the obtained Li metal batteries (LMBs)

can dramatically increase energy density compared to the conventional LIBs.



The working principle of LMBs in the charge and discharge process is described as follows: (take
the example of Li metal oxide as the cathode: LiMO,)
Anode reaction: xLie>xLi*+xe
Cathode reaction: yLi(1-x)MO,+xLi*+xe <LiMO;

The entire charge and discharge process is similar to the one in LIBs. During the charging process,
the Li-ions are released from the layer-structured LiMO,, which migrate through the electrolyte
and electrically plate on the anode as Li. During the discharging process, the Li-ions are stripped
from the anode and returned to the cathode side.

Traditional LMBs with LEs have a long history of safety issues due to electrolyte leakage and
flammability. Furthermore, LEs have other significant limitations that have hampered further usage
of LIBs at the industrial level. These issues include 1) narrow operating voltage (<5 V); 2) low
energy density; 3) short cycling lifespan during the charge and discharge process; 4) Li dendrite

formation and short circuit (e.g., fire hazard); and 5) high commercial cost.

2.2 Solid-liquid interphases in LIBs

Designing lithium batteries with steady ionic transport kinetics requires a thorough understanding
of solid-liquid interphases. In this chapter, two typical interphases are briefly reviewed: solid-
electrolyte interphase (SEI) and cathode-electrolyte interphase (CEI), which are mainly

encountered in LIBs.

2.2.1 Solid-electrolyte interphases (SEI)

In situ SEI formation and composition

Utilizing a Li® anode in liquid systems creates severe issues related to Li dendrites formation and
short circuits in the battery. In 1970, Dey et al. were the first to report that carbonated-based organic

electrolytes could electrochemically decompose on the electrode to form a passivation layer.* Peled



named it a solid electrolyte interphase (SEI) because it acts as a solid electrolyte and functions as
an electrical insulator and an ionic conductor.’

Goodenough et al. firstly proposed and simplified the SEI formation model.® The SEI layer forms
when the redox potential of the electrodes lies outside the electrochemical window of the
electrolyte, as indicated in Figure 2.2. The electrolyte is stable in the battery when the lowest
unoccupied molecular orbital (LUMO) is higher than the Fermi energy of the anode; otherwise, the
electrolyte is unstable and can be reduced by commonly-used anodes (e.g., silicon and Li® anodes).
During the initial charging cycles, the SEI layer will accumulate at the anodelelectrolyte interface

via electrochemical reduction and the decomposition of electrolyte components.
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Figure 2.2. Schematic energy diagram of an aqueous electrolyte at open-circuit state. ®4 and ®¢
are the anode and cathode work potentials. Eg is the electrochemical stability window of the
electrolyte. V. is the open-circuit voltage. Image adapted from ref. [6]. Copyright @ 2010,

American Chemical Society
The SEI composition strongly depends on the usage of different LEs. As illustrated in Figure 2.3(a),
the initial SEI components for carbonated-based LEs (e.g., LiPFs in ethylene carbonate solvent) in
LIBs are predominately made of reduction products from the salt and solvent, such as lithium
ethylene dicarbonate (LEDC) and lithium fluoride (LiF). As shown in Figure 2.3(b) and (c), LEDC

undergoes continuous decomposition reactions, resulting in an evolving SEI made up of partially
10



soluble organic species (e.g., semi-carbonates and polymers), as well as inorganic compounds (e.g.,
LiF, Li,O, LiOH, and Li»CO3). The formation of a thicker SEI with a complex mixture corresponds

to a change of SEI composition in the different cycling states, as depicted in Figure 2.3(d).
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Figure 2.3. (a) The initial EC and LiPFsreduction reactions on the anode; (b-c) further
decomposition reactions of LEDC and the evolution of SEI composition; and (d) a thicker SEI
formation and evolution during the cycling. Image adapted from ref. [7]. Copyright @ 2019,

Elsevier Inc.

Unstable in situ SEI

LMBs quickly fail in electrochemical performance because of the direct contact between the Li°
anode and the electrolytes, leading to undesired interfacial reactions and unstable SEI formation.
This unstable SEI film that initially forms on the Li® surface cannot maintain long-term Li
plating/stripping process. This is mainly due to several properties of SEI:

1) The heterogeneous composition that led to a non-uniform Li-ions flux and subsequent Li
dendrites formation;

2) The brittleness of SEI fails to withstand the volume expansion of Li%

3) Micro- or nano-structural changes during different thermal and electrochemical conditions.
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Different dendrite morphologies (in Figure 2.4(a)) commonly appear when Li-ions move from
electrolytes and deposit onto Li® under the external stimulus. Whisker-like Li dendrites are mostly
observed in liquid-state LIBs but are less common in SSBs.® Besides, Li dendrite easily forms from
mosaic SEI and grows upon the rough Li° surface, as shown in Figure 2.4(b).’

During further cycling, the Li stripping/plating process generally includes four steps (in Figure
2.4(c)): 1) the Li plating causes a volume expansion of Li’, leading to the initial SEI crack; 2) Li
dendrites grow to shoot out through the cracks; 3) Li stripping produces isolated Li (which is part
of ‘dead Li”), and SEI undergoes continuous fracture; 4) accumulated ‘dead Li’ forms a thick SEI
and porous Li’ anode.'®!! Such an unstable SEI associated with Li dendrite causes excessive Li’
and electrolyte consumption, which harm energy density and Coulombic efficiency (CE, the ratio
of discharge capacity and charge capacity) of LMBs. Besides, the fractured and broken dendrites
may lead to severe generation of ‘dead Li’ during cycling.

Generally, the failure mechanisms of a SEI could be categorized into three types: thermal, chemical,
and mechanical failures. Thermal failure originates from the elevated internal temperature of the
battery during the operation. In other words, SEI is chemically unstable and consistently evolves
over cycling. The SEI components constantly change due to the extensive meta-stable SEI species.
Increased concentration of decomposed salts might induce side reactions among the initial SEI
components. The intense chemical reactions would damage the vulnerable SEI and cause battery
failure. The tensile and compressive strains produced during cycling lead to the mechanical failure

of SEI, which in turn cause fracture and breakage issues.
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Figure 2.4. Schematic diagrams of: (a) various morphologies of electrodeposited lithium. Image
adapted from ref. [8]. Copyright @ 2019, The Authors; (b) dendrite growth on rough anode
surface. Image adapted from ref. [9]. Copyright @ 2018, Springer Nature Limited; (c) the Li

stripping/plating process. Image adapted from ref. [11]. Copyright @ 2018, Elsevier Inc.

Artificial in situ SEI

Li® anode is a conversion-pattern host-less material that encounters infinite volume change during
the plating/stripping process. This property inevitably leads to anodelelectrolyte interface
instability, causing a fractured or even collapsed SEI. The SEI serves multiple roles in determining
the cycling performance of Li° anodes, which generally includes limiting side reactions at the
interface and promoting uniform metal deposition by regulating the Li-ion flux.

Anideal SEI needs to have chemical stability, extraordinary Li-ion conductivity, and high modulus,
simultaneously, and be a suitable buffer layer to block its direct contact with the electrolyte.
Furthermore, the characteristics of SEI growth is a key indicator whether or not dendrites form.
Many works have been directed toward the design of an artificial SEI for Li° anode. Two general

requirements are necessary to establish a stable SEI: 1) SEI should have a structure with phase
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uniformity; 2) SEI should be mechanically robust, displaying sufficient toughness to withstand the
Li plating/stripping associated expansion/contraction.

Moreover, the chemical composition of the SEI can be manipulated by tailoring the electrolyte
composition. Hence, based on the components of SEI, three major types of artificial SEIs are
designed as 1) organic-rich; 2) inorganic-rich; and 3) hybrid (e.g., organic-inorganic).

Organic materials have great flexibility and excellent compatibility with electrodes, which allows
for regulating Li-ion diffusion at the interface. Li carboxylate with low Young’s modulus and high
flexibility is promising to be applied as an artificial organic-rich SEI layer to suppress dendrite
growth. However, the naturally formed SEI always has short (CH»),COOLi; while long-chain
carbonate tends to be less flexible. To address this issue, Kang et al. fabricated a carboxylate-
protected Li (CPLi) by in situ spontaneous reaction between carboxylic acid of moderate carbon
chain length (5 carbon atoms) and Li%.!> Compared to bare Li as shown in Figure 2.5, a uniform
layer of CPLi with a thickness of 1 um via spin coating could effectively avoid the dendrites
formation in 1 M lithium bis(trifluoromethane)sulfonimide (LiTFSI) in 1,3-dioxolane/1,2-

dimethoxyethane (DOL/DME, v/v=1:1) by extending the cycle life to over 1000h at 0.5 mA cm™.
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Figure 2.5. Schematic plots of SEI morphology comparison between bare Li and CPLi. The
green and purple balls represent Li and the adsorbed Li atoms, respectively. Image adapted from

ref. [12]. Copyright @ 2020, Elsevier B.V.
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Compared to polymers, inorganics have a higher mechanical strength and ionic conductivity. Li et
al. designed a LisPO4-SEI layer by in situ reaction of polyphosphoric acid with Li° and its native
SEL" The uniform LisPOs could reduce the side reaction between Li° and the electrolyte, as
evidenced by X-ray photoelectron spectroscopy (XPS) spectra of modified Li’. Few electrolyte
reduction products are on the surface at open-circuit potential or even after cycling.

Hybrid materials combine the merits of flexibility and rigidity from organics and inorganics,
respectively, fabricating a multifunctional protection layer on the Li’ anode. However,
conventional organic-inorganic SEI cannot accommodate the volume change of the Li® anode. A
novel hybrid (e.g., polymer-inorganic) artificial SEI layer reported by Gao et al. used a reactive
polymer composite (RPC) as the SEI precursor. This SEI consists primarily of polymeric Li salts
embedded within nanoparticles of LiF and graphene oxide (GO) nanosheets. The polymer—
nanoparticle composite is dense and homogeneous, providing good passivation properties. Besides,
the GO nanosheets confer mechanical strength and help prevent Li dendrite growth.'* The addition
of more inorganic salts (e.g., LiPFs and lithium nitrite, LiNO3) into the electrolyte could increase
the contact ion pair and aggregate solvates to form an inorganic-rich SEI. Liu et al. used the
dimethyl sulfoxide (DMSO) as a LiNOs solubilizer to promote the preferential reduction of NO3
ions."> LiNOs-S electrolyte significantly stabilizes the Li deposition behavior compared to LiNO3-

free electrolyte.

Artificial ex situ SEI

The formation of an ex situ artificial SEI on Li® anode could be mainly carried out via deposition
methods (e.g., chemical and physical vapor deposition) or solution casting. In general, a symmetric
cell with LE is assembled and cycled. Afterward, the cell is disassembled and the ex situ artificial
SEI on Li® anodes is obtained. Pre-cycling Li’ with an optimized LE could initiate a robust SEI
formation and thus significantly stabilize the Li%solid electrolyte interface. Compared to the in situ
formed artificial SEI, the ex situ SEI has a precise thickness and composition. But the fabricated
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coating layers cannot always maintain a sufficient contact with Li® during the cycling. Table 1

summarizes several artificial ex situ SEIs’ properties along with battery performance.

Table 1. Selective artificial ex siru SEIs’ properties along with battery performance.

Salts Solvent system SSEs SEI Cell, cycling Initial discharge
composition condition capacity, capacity
retention @cycles
1M IDOLADMEMAFE  SLAGP  LixCOs, Li (SED|'LFP, 0.1C 1472 mAh g'!, 96
ILITFSI  C (9:9:2, volume -SPEO LiOH, LisN, % @ 200 cycles!®
,1wt.%  ratio) organic
LiNO3 composites of
ROCO:Li,
LiF
M DOL/DME/FEC LPSCIl- LiF, Li,COs, Li 135.8 mAh g,
LiTFSI, (8:1:1, volume PEO- LisN, organic  (SED|ALO;@NMC  89.3% @ 100
1wt. % ratio) LiTFSI  composites of 532, 0.1C cycles!’
LiNOs ROCO,Li

ILi bis-trifluoromethanesulfonimide, 21,3-dioxolane, *1,2-dimethoxyethane, *fluoroethylene carbonate,

SLiy sAlp.sGei s(PO4)s, ®poly (ethylene oxide), "LiFePOs4

2.2.2 Cathode-electrolyte interphase (CEI)

The intimate coating layer that forms on the positive electrode is known as the in situ cathode-
electrolyte interphase (CEI). The CEIL in contrast to the SEI, is generated by the oxidation process

and decomposition of LEs.

In situ CEI formation and composition

The in situ CEI contains a high inorganic content (e.g., the decomposed LiF and Li,COs products
from the LE), and it serves as an electronic insulator on the cathode layer.'® A uniform and thin
CEI layer can protect the cathode surface from being consumed and the corrosion of electrolyte by-
products. Moreover, the CEI layer can reduce voltage polarization by inhibiting the side reactions

of electrolytes. A CEI with an optimal chemical composition and structural stability is important to
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increase the cutoff voltage of the cathodes beyond the oxidation stability of electrolytes. More work
is required to stabilize the CEI formation and growth for different cathode chemistry.

With a high volumetric and gravimetric energy density of 3700 Wh L and 800 Wh kg™! (charged
to 4.6 V (vs Li/Li*), about 220 mAh g'), layered LiCoO, is competitive among various cathode
candidates. A primary challenge of LiCoO; lies in the drastic structural change resulting from the
repeated deep Li intercalation and/or de-intercalation reactions. The resulting mechanical damage
during high voltage cycling is directly related to battery fatigue. The presence of the CEI layer on
LiCoO, was firstly proved by Goodenough et al. in 1985.!° The CEI layer presents dynamic
evolution during battery cycling within the low-cut-off voltage range 4.2 V (vs. Li/Li*), while a
thicker CEI gradually accumulates with the increase of cycle number. When LiCoO: is charged up
to 4.5 V (vs. Li/Li*), the CEI layer becomes less stable and decomposes. Surface modification of
LiCoO, with different oxides has been proposed to lower the high charge-transfer resistance by
preventing the creation of the resistive CEI layer. Conventional coating materials such as LisTisO12,
LiNbO3, and LirO-SiO, generally have low Li-ion conductivities, which hinder the Li-ion
migration at the interface.

Compared to LiCoO,, spinel LiNiosMn;504 (LNMO) shows a higher charge-discharge potential
plateau at about 4.7 V (vs. Li/Li*). Doping or surface modification have been considered as two
efficient strategies to produce an inorganic-rich and chemically stable CEI to overcome the
interfacial problems between LNMO and electrolytes.

As one of the high-voltage cathode materials, LiNixMn,Co0,0», x+y+z=1 (NMC) series suffer from
poor cycling performance and rapid capacity fade due to cation mixing and oxygen release from
the surface. At the same time, a great quantity of Li residues (e.g., LioO and LiOH) always
accumulate on the surface and impact cycling.

Different strategies (e.g., CEI-forming additives and anti-oxidation solvents) have been applied to

the LE formulation to establish a robust CEI. The surface modification of the cathode could avoid
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the formation of the space-charge layer to some extent. Usually, the coating materials grow on the
surface of the cathode particle and reach a crystalline state after high-temperature calcination,
leading to moderate compatibility with the cathode. In sifu depositing an amorphous artificial CEI
with excellent structure compatibility and plasticity is another way to stabilize the cathode

interface.

CEI advanced characterizations

A stable and conformal CEI helps improve CE and overall capacity retention of the battery.
However, unlike the negative electrode (or anode) SEI, many aspects of CEI remain unclear due to
the lack of effective tools to characterize the nano-scale structure. Therefore, advanced techniques
such as in situ atomic force microscopy, an operando attenuated total reflection-fourier transform
infrared (ATR-FTIR), and cryogenic transmission electron microscopy (cryo-TEM) have been
used to analyze the CEI layer.?

Cui’s group investigated the chemical nature of CEI via cryogenic electron microscopy (cryo-EM),
and the sample preparation is shown in Figure 2.6(a).?! In Figure 2.6(b) and (c), CEIs have a vastly
different distribution and morphology on the electrode in different cycling states. Subsequent
electrolyte decomposition would occur to form a continuous and conformal coating on the cathode
particles. In addition, Manthiram’s group used time-of-flight secondary-ion mass spectrometry
(TOF-SIMS) to investigate the CEI and its cell performance on NMC cathodes. TOF-SIMS offers
sub-nanometer surface sensitivity and ultra-high chemical selectivity associated with region-of-
interest (ROI) analysis, enabling individual components to be observed independently. Besides,
molecular dynamics simulation and machine learning have also been applied to investigate the

solvation/desolvation within the structure of the CEI.
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Figure 2.6. (a) Cryo-EM sample preparation; (b) CEI in different states of cycling; and (c) Cryo-
EM images of conformal CEI formed on NMC electrodes. Image adapted from ref. [21].
Copyright @ 2020, The Authors.

2.3 Solid-state lithium metal batteries

Compared to liquid-state LIBs, solid-state lithium metal batteries (SS-LMBs) have attracted much
attention due to their projected enhanced safety and higher energy density. SS-LMBs contain four
basic components: cathode, anode, solid-state electrolyte (SSE), and current collectors.??

The anode, SSE, and cathode should all be void-free to attain high volumetric energy density.
Additionally, the interfacial contact between the three layers must be sufficiently high to promote

Li-ion conduction across the layers. This movement of ions in and out results in cathode volume
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expansion and shrinkage. Therefore, the cathode must possess mechanical strength to resist internal

cracking and delamination at the interface with SSEs.?%

2.3.1 Ceramic solid-state electrolytes

One of the potential SS-LMB configurations uses ceramic SSEs (e.g., garnets, perovskites, etc.)
with a Li® anode and high-capacity cathodes.”* Compared to polymer SSEs, ceramic SSEs have a
relatively higher ionic conductivity at room temperature of 10°3~10* S cm™ and a wide range of

electrochemical stability window over 5 V (vs. Li/Li*) as indicated in Figure 2.7.2>%*
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Figure 2.7. Electrochemical window (solid-colored bars) of representative inorganic SSEs. Image

adapted from ref. [24].
Theoretically, ceramic SSEs with a high mechanical strength could prevent Li dendrite formation
and thus avoid short circuits of the cell. At the same time, many works have pointed out that soft
Li still has a chance to propagate along the grain boundary regions of SSEs (e.g., polycrystalline-

structure oxides).?>2

NASICON
Nai+xZr2SixP3xO012 (0<x<3) (NASICON) have a rhombohedral structure with a space group of R3c.

The rhombohedral structure is shown in Figure 2.8 where XOj (e.g., PO4 or SiO4) tetrahedrons and

MOk (e.g., ZrOg) octahedrons are associated with each other to form a 3D framework for Li-ion
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transportation. However, NASICON electrolytes possess poor chemical stability towards Li°

anodes (e.g., Ti** cations in Li; 4Alo4Ti; 6(PO4); can be reduced in direct contact with Li° anodes).?
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Figure 2.8. Crystal structure of NASICON-type oxides. Image adapted from ref. [26].

Garnet

The garnet structure has the general formula A3;B»(X04)s. A-sites are 8-fold coordinated, B-sites
are 6-fold coordinated, and X-sites are 4-fold coordinated. In Li-conducting garnets, Li ions occupy
the tetrahedral positions as in LizLa3Zr.O12 (LLZO) of Figure 2.9. Li ions can occupy tetrahedral
8a, and octahedral 16f and 32g sites. To obtain appreciable ionic conductivity at room temperature,

more Li can be added into the crystal structure by adjusting the valence of the A and B cations.

Li(1)

Figure 2.9. Crystal structure of a unit cell in a tetragonal LLZO. Shown on the right side are three
different Li sites: 8a, 16f, and 32g. Image adapted from ref. [27].
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There are two stable forms of LLZO available: the cubic and the tetragonal phases. The
conductivity of the cubic LLZO (>10* S cm™ at room temperature) is roughly two orders of
magnitude higher than that of the tetragonal LLZO (>10¢ S cm™ at room temperature). Therefore,
it is strongly necessary to stabilize the cubic phase. High sintering temperatures (between 1000 “C
and 1500 °C) is often required to obtain the more conductive cubic structure.?’

Compared to NASICON, LLZO has better chemical stability against metallic Li and higher Li-
ionic conductivity (>10* S cm™ at room temperature). However, the ionic conductivity of cubic
LLZO is decreased as a result of the structural collapse that frequently occurs along with the
creation of second phases (e.g., La;Zr>O7) during this high-temperature process. Numerous earlier
researches have shown that it is possible to promote the stabilization of cubic-phase LLZO by

adding doping elements.?®?

Perovskite

The perovskite structure has a general formula ABOs. The cubic cell consists of A-site ions (e.g.,
alkaline-earth elements) at the corners, B ions (e.g., transition metal ions) at the centers, and oxygen
atoms at the face-center positions. A-sites are in 12-fold coordination and B-sites are in 6-fold
coordination (BOg) that share corners with each other.*

Inaguam was the first to report Lass«LisxTiO3 (LLTO, 0.04<x<0.16) with relatively high and total
ionic conductivity of over 2 X103 S cm™. LLTO shows wider electrochemical windows of 8 V (vs.
Li/Li*) than LEs that allows them to pair with high-capacity cathode materials (e.g., Ni-rich NMC)
to achieve a high energy density of SS-LMBs.?! Additionally, the cost of LLTO fabrication is much
lower than LLZO fabrication, making it more practical for commercialization. LLTO has many
other advantages: 1) large ionic transference numbers (e.g., 0.5-0.9); 2) superior chemical and
thermal stability (e.g., 4-1600 K) in air; and 3) environmental friendliness without any release of

toxic gases during decomposition reactions.>
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2.4 Solid-solid interfaces in SSBs

In SS-LMBs, the lack of intimate contact at the solid|solid interfaces between electrodes and
ceramic SSEs results in high interfacial resistances. The interfacial resistance SS-LMBs can be
described via the charge transport between electrodes and SSEs.?® The term ‘interface’ combines
contact condition, interphase formation, and energy status. The interfacial resistance that hinders
Li-ion conductivity includes lattice mismatch, space charge regions, the formation of interphases,
and the compatibility of Li® with the SSE interface. More details will be reviewed in the later
sections. Moreover, the chemical reactivity at interfaces has adversely impacts on battery

performance, including the poor rate capability and rapid battery fade during cycling.

2.4.1 Hybrid solid-state electrolyte approach

Increasing demand for SS-LMBs has prompted intensive research into fast ion transport at the
interfaces between electrodes and electrolytes. Inspired by the ideal less resistive solid|liquid
interfaces in liquid-based LIBs, a popular approach to overcome interfacial issues in SS-LMBs is
by incorporating tiny amounts of liquids (e.g., LE, gel, ionic liquids, etc.) into the SSE|electrode
interface to serve as an ionic bridge for fast Li-ion migration. Such a hybrid solid-electrolyte
approach simultaneously improves the interfacial contact and suppresses Li dendrite growth,
opening up a new route to design Li batteries with increased energy density and expanded cycle
life. For conversion-type Li batteries (e.g., Li-S batteries), a hybrid electrolyte design combining a
sulfide SSE and a liquid Li alloy solution anode could achieve a record-high current density of

17.78 mA cm™.

SSE-gel

Inorganic ceramic electrolytes and organic polymer electrolytes suffer from problems of poor
physical contact and terrible chemical stability on interfaces between electrolytes and electrodes.
Gel polymer electrolytes combine the advantages of LE solution and solid polymer electrolyte,

demonstrating their ameliorative ionic conductivity and interfacial compatibility. One type of SSE-
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gel hybrid electrolyte is constructed by preparing porous polymer films as hosts soaked with the
liquid solution and then sandwiched between electrodes. The other is formed by interactions
between ester groups inside the polymer skeleton and oxygen in functional groups of solvent

molecules.

SSE-liquid

LE undergoes an in situ phase transformation inside the battery, going from a liquid state to a
(quasi) solid state under thermal or electrical conditions. In Figure 2.10, it is shown that before a
complete LE decomposition, LE with high mobility could easily fill the void space at the cathode
interface and may potentially penetrate electrodes (e.g., porous cathodes); while following
continuous LE decomposition, the newly-formed interphases (e.g., solid-liquid electrolyte

interphase) maintain their Li* ionic conductivity.®.
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Figure 2.10. Schematic drawing of the “ideal model” hybrid solid-liquid approach: (a) less

intimate solid-solid contact between ceramic SSE and electrodes; (b) LE is added at the cathode
interface to improve the physical contact; and (c) LE is decomposed at the cathode interface

under thermal or electrical conditions.
During the cycling process, the LE reacts chemically with SSE to establish a metastable solid-liquid

electrolyte interphase (SLEI) at the SSE|electrodes interfaces, which usually combines decomposed
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products from LE (e.g., inorganic species) with carbon-containing compounds (e.g., organic
solvents). Numerous studies have investigated the structure and chemical composition of SLEI, as
shown in Figure 2.11.>**7 A better understanding of the SLEI function in the battery is essential to
smartly design a robust SLEL

A superbase (n-BuLi) was added to limit The amount of LE addition and its effects
the formation of resistive SLEI (Xu et al.) on SLEI were studied (Wang et al.)
|
2016 2017 2018
] |

Firstly reported the resistive SLEI DC polarization techniques were applied Concentrated LE began to be applied to

(Busche et al.) to SLEI study (Schleutker et al.) stabilize SLEI (Philip et al.)
The SLEI within lithium-sulfur 4-point impedance measurements were | | A boron, fluorine-donating LE was
batteries were studied (Fan et al.) applied to SLEI study (Vivek et al.) introduced into SLEI (Li et al.)
2019 2020 2021
| |

The formation of SLEI were Investigated the SLEI growth carbonated- | | SLEI prevented the reduction of LATP
studied (Weiss et al.) based LE (Fan et al.) against Li-metal anode (Tang et al.)

Developed a steady SLEI by self-assembly method Theoretical methods: simulations,

(Huang et al.) data-driven studies

I
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. The reaction mechanism of SLEI were | | | Revealed SLEI evolution during cycling Smartly design a robust SLEI

discussed (Leng et al.) process via STXM & XAS (Yan et al.) using new-type LE

Figure 2.11. A roadmap of SLEI developments for solid-state lithium batteries.
The formation of SLEI starts when SSE is immersed with LE, and SLEI grows with immersion
time increase during cycling.*’ The decomposition reaction may occur on the surface of SSE where
it is exposed to LE, as shown in region I of Figure 2.12(a). However, a small amount of decay
product was also observed at the fresh intergranular fracture surface along the grain boundary in
region II. The thickness of SLEI is expanded, and the SSE surface becomes swelling from the
prolonged immersion time, corresponding to the further decomposition reaction. In Figure 2.12(b)
and (c), a homogenous and continuous SLEI (with an average thickness of around 40 nm) fully
covers the SSE surface after 48h. This SLEI mainly consists of LiF and organic carbonate
components, as supported by transmission electron microscopy (TEM) and XPS analysis in Figure

2.12(d-f).

25



50_0nm

Figure 2.12. (a-c) Cross-sectional view SEM images of SSE; and (d-f) TEM images of SSE
particles. Image adapted from ref. [45]. Copyright @ 2022, Elsevier B.V.

Specifically, several driving forces have been proposed as being responsible for the formation of
the SLEI including ion solvation, charge carrier re-distribution, and LE decomposition triggered
by the Lewis acidity of SSE. Besides, SLEI significantly impacts the structural stability of
electrodes, interfacial stability, and Li-ion migration. However, this SLEI with low conductivity
generates a significant ohmic loss in the battery, which causes a rapid fade in battery capacity.
Figure 2.13 shows that the thickness of SLEI increases over time in response to a resistive SLEI
formation, which increases the interfacial resistance of Li-ion transfer. A hopping ion-conduction
mechanism for ionic transport across SLEI was reported by Busche et al. *® Solvated ions in the LE
transit into SSE by desolvation and then migration through SLEI against a large energy barrier

(depicted in Figure 2.13 as Ea_ sigr).
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Figure 2.13. Schematic ion-conduction mechanism of SLEI. Image adapted from ref. [48].

Copyright @ 2020, The Authors.
Due to the complexity of the interfacial phenomena and the infancy of this research topic, it is still
difficult to fully comprehend how SLEI affects ionic migration. More importantly, the electrodes
need to be sufficiently wetted with a proper amount to improve the chemical and electrochemical
compatibility at the interfaces. In addition, a lack of high-resolution characterization methods

makes it hard to trace and probe SLEI during cycling.

The interphase between SSEs and Li’ anodes

SSE is difficult to be used in commercial Li batteries due to its inherent rigidity, which leads to
poor contact between SSEs and Li° anodes. In addition, some ceramic SSEs are chemically unstable
with Li° due to the reduction of transition metal cations (e.g., Ti** ion reduction in perovskites and
NASICON). As a result, the addition of LE at the SSE|Li° interface could wet the interface to
minimize the interfacial resistance and form an SLEI to suppress the side reactions at the interface.
However, LEs are limited by their inherent thermodynamic instability against Li’ anodes. Super-
concentrated ‘solvent-in-salt’ solvates are considered safer than conventional LEs because the
solvent molecules are coordinated to the salt, thereby limiting side reactions between the solvent
and the Li° Philip et al. reported the hybrid electrolyte for LMBs by adding a highly fluorinated

ether-modified solvate to the surface of NASICON-type pellets.*® The permeation of concentrated
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LE highly relates to its viscosity and the porosity of SSE. Optimizing the LE composition could
reduce the cell resistivity that originates from the formation of SLEL

A superbase (e.g., n-BuL.i) is introduced into commercial LE to suppress the Li*/H* exchange on
the garnet surface. Hence, LE decomposition and the formation of resistive SLEI can be inhibited.
Three primary benefits could be gained from n-BuLi addition: (1) this Lewis base additive may
retard the decomposition reaction of LE; (2) it is highly proton withdrawing and suppress side
reactions; and (3) it lithiates the SSE|LE interface and consequently improves the interfacial
conductivity.®

The solubility of Li-salts in the solvent and the solvation effect can influence the stability and
solidification of SLEI For example, Fan et al. used DME-based LE that could form a more stable
and compact SLEI with Li>S-P,Ss glass-ceramic SSEs due to the stronger LisPS4 solvation effect
of DME than that of DOL.***! Meanwhile, the corrosion effect of DME on the Li,S—P,Ss was

weaker than that of DOL.

The interphase between SSEs and cathodes

The incompatibility caused by the inherent chemical and electrochemical reactivity at the
cathode|SSE interface has usually been overlooked. However, when coupling with NMC cathodes,
there are inevitable side reactions that deteriorate interfacial stability, owing to the addition of
commercial liquid electrolyte. Additionally, the aggregation of space charge still exists across the
cathode|SSE interface, which is liable to hinder ionic transportation.

To improve the electrochemical compatibility between SSE and LE, Li et al. applied LE with dual-
salts (95 mol% LiTFSI: 5 mol% lithium bis(ethanedioato)borate (LiBOB),) between garnet-based
SSE and NMC 622 cathode.*? The addition of LiBOB in highly fluorinated solvents can reduce the
amount of highly resistive LiF species in SLEI, which not only accelerates ion transport kinetics at

the SE|cathode interface but also reinforces interfacial thermodynamic stability.
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To prevent Li* from being trapped in decomposed LE or turned into SLEI species, Kim et al.
proposed a key feature of hybrid cell with polymer SSE and LE: “Li* caging” process during
charge/discharge as shown in Figure 2.14(a) and (b).** Polymer SSE as a solid electrolyte and
separator enables the caging of lithium ions inside the battery, possibly by changing their linearity
in the polymer chain and crystallinity during cycling. The embedded structure of Indium tin oxide
(ITO) behind the polymer (e.g., poly(ethylene terephthalate), PET) can give rise to electrolyte
resistance as it shields the large contact area between the cathode|SSE yet allows Li* to diffuse into
PET/ITO through the LE. No decomposed LE or SLEI species were identified close to the PET
surface. Besides, Huang et al. found that an ion exchange interlayer (EIL) forms between SLEI and
garnet SSE due to in situ Li*/H* ion exchange and pointed out the importance of stabilizing the
EIL, as plotted in Figure 2.14(c).* The acidic molecule treatments can controllably restrict the

exchange depth and efficiently protect SSE from further decomposition.
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Figure 2.14. Schematic drawings of: (a) a hybrid cell design; (b) Li* caging process in PET on
charge and discharge. Image adapted from ref. [49]. Copyright @ 2021, IOP Publishing; and (c)
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Li*/H* exchange at the LE|SSE interface and interfacial composition at an equilibrium state.

Image adapted from ref. [46]. Copyright @ 2022, Elsevier Inc.

2.5 Review of perovskite SSEs for LMBs

This section has been adapted from a review paper published in Batteries (doi:

10.3390/batteries7040075).

2.5.1 Introduction

Electrifying transportation and expanding the use of renewable energy sources require a
transformative energy storage technology.’*>> Rechargeable lithium-ion batteries (LIBs) represent
one of the most promising energy storage technologies.’*¢° LIBs have a much higher energy
density than conventional Nickel-Cadmium (Ni-Cd), Lead-Acid (Pb-Acid), Nickel-Hydrogen (Ni-

Hb»), and Silver-Zinc (Ag-Zn) batteries presented in Ragone plot (in Figure 2.15).51:6263
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Figure 2.15. Ragone plot of lithium batteries. Image adapted from ref. [64]. Copyright @201 1
Springer Nature Limited
However, high flammability and low thermal stability of organic liquid-state electrolytes are the
major concerns for conventional LIBs.0>%%6768 Thege issues can potentially be addressed by
replacing liquid-state electrolytes with non-flammable solid-state electrolytes (SSEs).®7%"! The
cells combined with SSEs could be operated at a wider temperature range with an improved

reactions kinetics at the cathode and anode. Furthermore, SSEs with wider electrochemical are
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more adaptable to high-capacity cathode materials (e.g., Ni-rich oxide ceramic cathodes) and Li-
metal anodes, which can enhance the energy density (up to 70%) and cycling performance of the
cells.”>7

SSEs generally comprise polymers, inorganics (e.g., ceramic-based oxides) and their hybrids of
electrolytes. Free-standing solid polymer electrolytes (SPEs) could be prepared using the proper
crosslinkers followed by photo-polymerization as an in situ approach.”*** Gel SPEs are capable of
forming good interfacial contact with electrodes.”">% Both Li et al. and Yao et al. provided an
overview of current developments on the SPEs for LBs.3%% The ionic conduction of SPEs is
achieved by ions hopping from one coordinating sites to another under an electrical field assisted
by segmental motion of polymer chains in an amorphous phase above the glass transition
temperature. Unfortunately, most SPEs have low ionic conductivity at room temperature.’

The primary inorganic oxides SSEs are perovskites, garnets, NASICONs, and LISICONSs. Cao et
al. comprehensively reviewed inorganic SSEs for LBs.®” Similar to perovskites, hybrid polymer-
ceramic systems utilize ceramic fillers with garnets (LLZO) as a dispersant into the polymer matrix
(e.g., poly(ethylene oxide) (PEO)-based, poly(acrylonitrile) (PAN)-based, and poly(vinylidene
fluoride) (PVDF)-based, etc.).”849396.99 Goodenough et al. fabricated low-cost hybrid PEO-
LLZO electrolytes and applied in LiFePO4|Li cells that delivered high discharge capacity of 139.1
mAh g! with capacity retention of 93.6% after 100 cycles.® Falco et al. innovatively prepared
cross-linked hybrid electrolytes to enhance ionic conductivity by mixing LLZO, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), tetra(ethylene glycol dimethyl ether) (G4) together
under UV-light.”**! The fabricated hybrid electrolytes have an improved ionic conductivity of 10™
S cm™ at 20 °C. Passerini’s group reported UV cross-linked PEO polymer electrolytes with ionic
liquids.”>* The room-temperature ionic conductivity could reach nearly 10 S cm™.

As shown in Figure 2.16, we reviewed the progress of all-ceramic LLTO electrolytes in solid-state

lithium batteries (SS-LBs). Many investigations have been done on LLTO composite SSEs and
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related electro-chemical performance for selected electrolytes are presented in Table 2. However,

hybrid electrolytes still suffer safety issues due to the flammability of the organic polymers. There

is only a few research working on all-ceramic electrolytes in SS-LBs applications.
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Figure 2.16. Timeline for the development of typical LLTO SSEs in SS-LBs.

Table 2. Summary of electrochemical performance for selected LLTO SSEs in SS-LBs.

Ionic Discharge capacity/Charging
SSEs composition Anode|Cathode conductivity  rate/Cycle number (capacity
(S em™) retention rate)
-1
LLTO/'PAN2SN* Li[LiFePO, 220x10% ag30°c 1 MARE/0SC/150 (data
unavailable)
143.2 mAh g'/0.
LLTO/APEO/LITFSI/SN Li[NMC 532 s107atss e 432 mAR g /0.05C/30 (data
unavailable)

LLTO/PEQ% Li|LiFePOy4 3.31x10* at '/RT 147 mAh g''/0.1C/100 (~98%)

15 wt.% LLTO/*PVDF"’ Li|LiFePO4 5.3x10*at 25 °C 121 mAh g"'/1C/100 (~99%)
LLTO/PEO/LiTFSI*® Li|LiFePO4 1.3x10* at 60 °C 144.6 mAh g''/1C/100 (~96%)

LLTO/PEO/LiTFSI®® Li|LiFePO4 1.6x10*at 60 °C 135 mAh g'/2C/300 (79%)

5 wt.% LLTO/PEO/LiTFSI'® Li|LiFePO4 3.63x10% at 60 °C 123 mAh g'/0.5C/100 (94%)

8 wt.% Oy - 4 o -1

L TOPEORPCLITESL! Li[LiFePO, 4.72x10% at 60 °C 135 mAh g'/0.5C/100 (96%)

3 wt.% LLTO/PEO/LiCl0,'* Li|LiFePO4 4.01x10* at 60 °C 140 mAh g''/1C/100 (92.4%)
-1
LLTO/*BC!3 Li|LiFePO, 1.54x10%atrT  O17 mARg7/02C/100
(98.5%)
Sr/Ta co-doped LLTO'* LiJLiFePO4 1.40x10* at 25 °C  83.8 mAh g'/0.1C/80 (89%)

Poly(acrylonitrile), 2Succinonitrile, *Poly(ethylene oxide), “Poly(vinylidene fluoride), SPropylene carbonate,

®Bacterial Cellulose, ’/Room Temperature
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Compared to SPEs, perovskites usually demonstrate relatively higher Li-ion conductivities (e.g.,
10°3~10* S cm™! at room temperature) as shown in Figure 2.17(a) and lower electronic conductivity
(e.g., 10 S cm™ at room temperature).” Inaguam et al. was the first to report LLTO electrolytes
with relatively high bulk ionic conductivity (e.g., 1x107 S cm™ at room temperature) and total ionic
conductivity (e.g., >2 x10° S cm™! at room temperature).'% Figure 2.17(b) shows the Arrhenius
plots of the ionic conductivities of the perovskite compared with other ceramic SSEs. LLTO has
been widely used as an additive within polymers to form composited electrolytes for ionic

conductivities enhancement.
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Figure 2.17. (a) Typical SSEs with highly ionic conductivities at room temperature; and (b) ionic
conductivities of selected SSEs with elevated temperature. Images adapted from ref. [106].

Copyright@2017 American Chemical Society

LLTO SSEs have many advantages: 1) large ionic transference numbers (e.g., 0.5-0.9); 2) superior
chemical and thermal stability in air; and 2) environmentally friendly without any release of toxic
gases during decomposition reactions. Furthermore, LLTO shows a wide electrochemical window
of 5 V (vs. Li/Li*) that increase their adaptiveness to high-voltage cathode materials and if
combined with Li-metal anodes. Also, LLTO exhibits excellent thermal stability that provide
potential applications even at extreme conditions.**

Nonetheless, a number of obstacles prevent LLTO SSEs from being applied in practical SS-LBs.
Initially, the large grain boundary resistance lowers the total ionic conductivity below 10 S cm’!
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at room temperature.’® Second, LLTO is chemically unstable in direct contact with Li metal (Li°).
Li can be intercalated into LLTO at voltages lower than around 1.8 V, resulting in the reduction of
Ti** cations and increased electronic conductivity.'”” Thirdly, it is challenging to fabricate and
integrate LLTO in batteries due to its brittle nature. Additionally, de-lamination of the ceramic
SSEs may occur as a result of internal volume changes that during battery operation, hence harming
the battery lifetime.!%®

In this review, we analyzed the origins of large grain boundary resistance for LLTO and provided
potential solutions. We got an insight to the chemical instability of LLTO when contacting Li°
anode. Furthermore, we presented the tape-casting fabrication methods and electrochemical

performances for LLTO SSEs SS-LBs.

2.5.2 Crystal structure/composition of LLTO and relationship to ionic conductivity

With an ABO; structure (in Figure 2.18(a)), the perovskite Lajs«LiTiOs; (LLTO)-family
(0.04<x<0.16) has oxygen octahedrally coordinated with Li-ions, La-ions, and vacancies
occupying the A sites and Ti-ions occupying B sites.”®’! Different x values of both Liions and La
ions lead to distorted structures which originates from the unequal distribution of vacancies and
displaced cations. The stable structure could be preserved when the x value is between 0.04 and
0.16.

Cubic and tetragonal LLTO display a lattice structure with the stacking of La-rich and La-poor
regions (in Figure 2.18(b)) to maintain high bulk conductivity. Figure 2.18 (c) indicates the crystal
structure of the tetragonal-type perovskite with the lattice parameter of a = 3.8 A for cubic unit
cell.'” Inaguma and Itoh demonstrated that the ionic conductivity of LLTO has a parabolic
dependency on x values due to variations in the Liions to vacancy concentration and the formation
of low activation energy Li-ion pathways controlled by site percolation and bottleneck size.''? As
seen in in Figure 2.18(d), the bottleneck structure of perovskites consists of 12-fold coordinated
with corner-shared oxygen.
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Figure 2.18. (a) ABOs structure; (b) La-rich and La-poor regions; (c) crystal structure of

(P4/mmm)-type LLTO; and (d) bottleneck structure of 12-fold coordinated with oxygen ions.

Images adapted from ref. [109].

Great efforts have been made on LLTO-based electrolytes to gain a better understand of how

chemical composition, crystal structure, and synthetic methods influence Li-ion conductivity.

Table 3 shows the summary of room-temperature ionic conductivities for selected LLTO SSEs with

x values of Liions.

Table 3. Summary of selected LLTO SSEs in ionic conductivities.

Composition Space group C(;:,;,l lzgtz:lt_)l’)at Synthesis method
Type I: pure LLTO SSEs
Lag61Lio.17TiO3 Cmmm 3.76 x 10 Pulsed laser deposition'!!
Lag sLiosTiO; P4/mmm 3.52x 107 Spin coating''?
P4/mmm 7.2 x 107 Microwave sintering method'"?
Type II: composite LLTO
SSEs
LaosLiosTiOs/nano-Ag Pm3m 2.8 x 1079 Sol-gel processing !4
Lag sLiosTiOs/silica P4/mmm 1x10* Wet chemical method!!®
Sr-doped Lag s6Lio33TiO3 Pm3m 9.51x 10* Sol-gel processing!!®
Y-doped Lag6Lio33TiO3 P4/mmm 1.95x 1073 Sol-gel processing'!’
Nb-doped Lag sLiosTiOs3 P4/mmm 1.04 x 10* Solid-state reaction method!''®
Sr/Co-doped Pm3m 1.4x 10 Solid-state reaction method'™

Lag.s57Li033TiO3
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2.5.3 Challenges for LLTO SSEs

Low total ionic conductivity

Despite numerous appealing properties, the high grain boundary resistance of LLTO causes it to
have an inferior total ionic conductivity than liquid electrolytes.'!® The total ionic conductivity is
governed by both grains and grain boundaries. Researchers have attempted to improve the total
ionic conductivity by the modification of the morphology of LLTO particles or the grain boundary
composition.

Compared with LLTO particles, one dimensional LLTO nanofibers with high surface-to-volume
ratios can increase the number of continuous ion-conducting pathways.!'*12° Figure 2.19 depicts
the difference of Li-ion pathways when using LLTO nanoparticles and nanofibers (e.g., random or
well-aligned type). In contrast to the isolated nanoparticles in Figure 2.19(a), random nanowires
could provide continuous fast pathways for Li-ion migration. When compared to random nanowires
in Figure 2.19(b), well-aligned nanowires in Figure 2.19(c) are free of crossing junctions.
According to Liu et al., 1D LLTO nanowire fillers can facilitate the formation of ionic conduction
networks in the polyacrylonitrile-LiClO4 matrix and thus enhance the total ionic conductivity by

three orders of magnitude than using nanoparticles.'?!

(@ (b) (c)
SO0 B A
e |
g (gl ; . |
o4/
OLLTO nanoparticle LLTO nanowires Pathway of lithium ion

Figure 2.19. Schematic images of pathways of Li ions when LLTO as: (a) isolated nanoparticles;

(b) random nanowires; and (c) well-aligned nanowires. Image adapted from ref. [121].

Large grain boundary resistance
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When some LLTO matrices consist of structural and chemical deviations, lattice mismatch appears
to offset the random orientation of neighboring coarse LLTO grains.'?? Lattice mismatch refers to
the mismatch between LLTO grain boundaries that is composed of a Ti-O binary compound with

a 2-3 unit-cell thickness (in Figure 2.20). It is not energetically favorable for Li-ion accommodation

or migration, hence resulting in large grain boundary resistance.
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Figure 2.20. Schematic image of lattice mismatch. Image adapted from ref. [122].

Copyright@The Royal Society of Chemistry 2014
Sasano et al. proposed that the grain-boundary conductivity can be enhanced by increasing the
quantity of coincidence-site lattices (CSL) at the grain boundaries.'*® The index X is introduced for
the geometric CSL of the grain boundary; the smaller £ value means the higher lattice coincidence
of the grain boundaries. For instance, the grain boundaries are regarded as random regions when
values exceed 29. As the closed square marked in Figure 2.21(a), electron backscatter diffraction
in scanning electron microscopy (EBSD-SEM) with crystallographic orientation map and
electrochemical strain microscopy (ESM) loop area map are measured at the same region. In Figure
2.21(b), CSL at the grain boundaries are smaller than random regions which have fewer

composition deviations and structural distortions. Furthermore, the higher ESM signal intensity is
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correlated with the higher Li-ion conductivity of the grain boundaries (as black arrowheads pointed

out in Figure 2.21(b) and (c)).
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Figure 2.21. (a) EBSD-SEM crystallographic orientation map for LLTO; (b) the enlarged area
from the black-square; and (c) ESM loop area map at the voltage of 20 V. Image adapted from
ref. [123]. Copyright@2020 AIP Publishing LLC.

In addition to lattice mismatch, the 90° domain boundary that exists between adjacent La-rich
regions (in Figure 2.22) is another feature leading to the large grain boundary resistance.'**
Moriwake et al. reported that an extremely high activation energy (E. = 3.58 eV) of Li-ion

migration in the 90° domain boundaries.!>*!%
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Figure 2.22. Schematic image of 90° domain boundary. Image adapted from ref. [124].
Copyright@2014 Elsevier B.V.

As previously indicated, one practical approach to lower the grain boundary resistance would alter
the composition of the LLTO grain boundaries. Introducing dopant elements into the A-sites and/or
B-sites in the crystalline structure of LLTO would create more point defects. Another method is to
“fill up” the LLTO grain boundaries with an amorphous layer or valence ions (e.g., Ag* ions as
shown in Figure 2.23).!"> Mei et al. added an amorphous glassy silica layer to the LLTO grain
boundaries, which decreased the grain boundary resistance and thus enhanced the total ionic

conductivity up to over 1X10™* S cm™! at room temperature.'?

Surface

Figure 2.23. Schematic images of introducing Ag* into LLTO grain boundaries. Image adapted
from ref. [115]. Copyright@2019 Springer Nature Switzerland AG

Regarding the pellet fabrication, researchers have employed hot-press techniques (e.g., spark
plasma sintering (SPS)) to densify LLTO SSEs for grain conductivity improvememt.'?"-!28 SPS can
reach higher heating rates (up to 600 °C min ") in a shorter period of time (e.g., 0-10 min in most
circumstances) than most of conventional hot pressing. The hot-pressed LizsSry16TassZr1403
(LSTZ) SSEs, with a relative density of 96.7%, the ratio of the density of a substance to the density
of a given reference, had higher bulk ionic conductivity (e.g., 4.1x10™* S cm™ at 25 °C) and
compressive strength.'” Mei et al. prepared LLTO SSEs via SPS, yielding highly dense (e.g.,
relative density of over 97%) and finely grained (e.g., grain size of 2 um) LLTO pellets with an

enhanced room-temperature ionic conductivity exceeding 1073 S cm .13

2.5.4 Chemical instability of LLTO SSEs against Li metal

Ti** cations reduction
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Studies using X-ray photoelectron spectroscopy (XPS) confirm that LLTO reacts easily with Li
metal and changes color from pristine white to deep black due to the reduction of Ti** cations to
lower oxidation state species. Additionally, this leads to the formation of oxygen vacancies, which
makes the interface highly electronically conductive and unsuitable for use as an electrolyte for SS-
LBs."*! Galvez-Aranda et al. revealed that Ti**-ions reduction takes place at the LLTO|Li’
interface.'*> The reaction rate at the interface between LLTO and Li° increases as the applied
external electric field increases. Wenzel et al. applied in sifu XPS to study how LLTO reacted with
Li%"3® Figure 2.24 displays high-resolution spectra for the Ti 2p, La 3d and O 1s of LLTO after
depositing different amount of Li. It is evident that the lithiation process directly impacts the
reduction state of Ti*" ions. The color shifts of LLTO electrolyte during the lithiation process is
depicted in Figure 2.25. The increased deposition times have no effect on La 3d and all specific
peaks remain unchanged. While Ti**-ions can be even greatly reduced to metallic titanium Ti® when
depositing time reaches 300 min. The formation of metallic Ti would increase the electronic

conductivity of LLTO.
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Figure 2.24. The Ti 2p, La 3d and O 1s detailed spectra for four different deposition times
(different amounts of deposited Li metal). Images adapted from ref. [133]. Copyright@2015
Elsevier B.V.
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Figure 2.25. XPS detailed spectra of four Ti oxidation states for four different deposition times.

Image adapted from ref. [133]. Copyright@2015 Elsevier B.V.
However, only a few studies discuss solutions for addressing Ti**-ions reduction problem for LLTO
SSEs. To prevent Ti*-ions reduction and achieve a sufficient interfacial contact against Li°,
poly(vinylidene fluoride)-block-poly(tetrafluoroethylene) (PVDF-b-PTFE) polymer matrix was
combined with LLZO and LLTO nanofibers."*! The assembled battery exhibited a high initial
discharge capacity of 150 mAh g™! and retained 127 mAh g™! over 550 cycles. The Coulombic
efficiency was always more than 99.5% during cycling. Besides, in symmetric Li cells (e.g.,
Li|[LLTO|Li), metal or metal oxides is effective as a protective layer against Li’ for Li-ion

conductivity measurements, 3413136

Formation of lithium-oxide and lanthanum-oxide phase

The formation of Li-oxide and La-oxide occurs when LLTO is in contact with Li®.!*? According to
a mean square displacement (MSD) analysis, the oxygen atoms continue to migrate at the constant
positive rate toward the Li® anode. When applying an external electric field, the formation of both

oxides is accelerated (in Figure 2.26).
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Figure 2.26. Structures of both oxides at 10ps (atomic Bader charges) with and without the
application of an external electric field (ab initio molecular dynamics study). Image adapted from

ref. [132]. Copyright@The Royal Society of Chemistry 2020
2.5.5 Fabrication of LLTO SSEs

Thin-film LLTO

Fabricating thin-film LBs with a pure LLTO matrix would be effective to enhance ionic
conductivity. Batteries with thin-film LLTO electrolytes have large active surface areas and smaller
volumes, leading to increase the charge rates by decreasing Li-ion diffusion lengths. However,
crystalline thin-film LLTO electrolytes still have high grain boundary resistance and are chemically
unstable contacting with Li°. These problems could be effectively resolved by either a substituting
an amorphous phase for the crystalline LLTO or adjusting the orientation of LLTO grains.

The structure of amorphous LL'TO films is open and disordered. They can be prepared by chemical
solution methods (e.g., sol-gel process) or physical vapour deposition techniques (e.g., radio
frequency (RF) magnetron sputtering, pulsed laser deposition (PLD), electron-beam (e-beam)
evaporation),!12137.138.139.140.141 By y;5ing RF magnetron sputtering, Xiong et al. were able to obtain
amorphous LLTO thin films at annealing temperatures below 400 °C.!*

The orientational growth of LLTO thin films significantly affects the size of the LLTO Ilattices.
Epitaxial growth of LLTO thin films on single crystal substrates can be prepared by e-beam
evaporation, resulting in uniform LLTO grains without obvious pinholes or cracks.'*> For example,

the epitaxial growth of LLTO thin films on the (100) and (111)-oriented SrTiO3 (STO) substrates
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have reduced lattice and thermal strains, which is beneficial to enhance the ionic conductivity and

stability.!*

Tape-casting LLTO

Physical vapour deposition methods can produce thin layers, however they are frequently costly or
have limited scalability.!** The commonly used cold-pressed pellets have thickness limitations
around 200 um, while the pellets remain brittle.'*>!4¢ This problem could be solved by
implementing the tape-casting technology to cast thin-film electrolytes with a thickness below 200
pm.

Tape casting refers to a slurry casting on a carrier film, has proven successful in producing thin-
film electrolytes and layered ceramic structures. The slurry usually consists of ceramics, binders,
plasticizers, and dispersants. The green tape is generated by moving the doctor blade with a certain
height over the poured slurry. The thickness of tapes could shrink to less than 100 um at which
point sintering will be followed to enhance the densification.!47-148.149

A high-quality green tape before sintering should meeting certain requirements, including the
following: (1) no agglomeration and cracks after evaporating the solvent; (2) microstructural
homogeneity; (3) free-standing from the carrier film; and (4) good lamination ability and
mechanical strength,'48:149-150

To prepare satisfactory tape-casting electrolytes, several rules need be considered: (1) control the
viscosity the slurry by optimizing the ratio of ceramics, binder, plasticizer, dispersant, and solvent;
(2) modify the drying conditions to obtain a flat green tape; and (3) set the proper sintering
temperature and duration for removing binder removal and densifying the tapes. Table 4
summarizes green tape preparations and casting/sintering parameters. A ball mill is typically used
to a obtain homogeneous slurry. Laminating green tapes in multiple layers prior to sintering could
effectively enhance mechanical strength and packing integrity.

Table 4. Summary of preparations for green tapes and casting/sintering parameters.
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Preparations for green tapes Casting parameters Sintering conditions

(1) Dissolved dispersant Casting gap = 200 um 950 °C/1000 “C/1050 °C/1100 °C
(Zschimmer & Schwarz KM 3014) Casting speed = 5 mm s™! for 1h in air

in ethanol,

(2) Added LLTO powder;

(3) Mixed plasticizer 'PEG 400 and

binder *PVB with solution above!'%!

30wt.% LLTO Cast substrate: polished a-Al,O3 1000 °C-1350 °C for 2h in air
30wt.% acetylacetone Cast speed = 0.1 mm s’!

22wt.% isopropanol

9wt.% poly(methyl-methacrylate)

2 wt.% dibutyl phthalate

2wt.% hallotannin

5wt.% PEG 40002

(1) Mixed LLTO powder into Casting gap = 50-500 um 900 °C/1000 °C for 1h in air
ethanol; Casting speed = 5 mm s™!

(2) Added acrylic resin as a

dispersant;

(3) Added binder PVB and

plasticizer diisononyl phthalate !>

Lack of details'>* Casting gap = <200 um 1200 °C for 12h in air
(1) Dissolved SPVDF and LiClOs Casting gap = 50-150 um No sintering process
(at a weight ratio of 6:1) in SNMP

solvent;

(2) Added 15/45/75wt.% LLTO

powder into above solution'>

51.2 wt.% LLTO Cast substrate = *PET film 500°C for 2h + 1050°C for 2h +
1.3wt% triethanolamine Casting speed = 10 mm s™! 1260°C for 12h in air

10.7wt. % PVB

6.1wt.% BBP

30.7wt.% ethanol >

"Poly(ethylene glycol), 2Poly(vinyl butyral), *Benzyl butyl phthalate, “Poly(ethylene terephthalate),

SPoly(vinylidene fluoride), °1-methyl-2-pyrrolidinone

There are not many reports of thin-film LLTO electrolytes fabrication using tape casting method.
A number of factors, such as the dispersant concentration, the particle size of the dispersant, the
ratio of binder to plasticizer, the total amount of binder and plasticizer, and the drying conditions,
needs to be optimized. Schrokert et al. found a dispersant concentration of dispersant (e.g., 2 wt.%)
was optimal to obtain a homogenous slurry.’! High-quality tapes were produced from a slurry
containing 15 wt.% of binder and plasticizer (the binder-plasticizer ratio was set at 2:1) under the
fast-drying conditions.

It is important to improve the ionic conductivity of tape-casting LLTO SSEs.'*? Schiffmann et al.

casted LLTO tapes and then co-sintered it with LTO anode as shown in Figure 2.27(a) and (b).!>?
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LLTO tapes with a thickness of only around 25 um maximize the ionic conductivity near 10 S
cm™! (in Figure 2.27(c)). Employing a lamination process guarantees that during co-sintering, a

close and homogeneous interfacial contact between LLTO and LTO.
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Figure 2.27. Schematic images of (a) LLTO green tapes; (b) microstructure of the cross section
and interface between LLTO and LTO electrode sintered at 1100 °C for 1h; and (c) plot of the
real resistance for sintered LLTO. Imaged adapted from ref. [153]. Copyright@2019 Elsevier

B.V.

Jiang et al. fabricated a free-standing tape-casting LLTO film with a reduced thickness of 41 um
(designated as LLTO-41)."5¢ Figure 2.28 indicates the fabrication of tape-casting approach and
related electrochemical performance. Comparing the total Li ionic conductivity to a thick cold-
pressed LLTO pellet, the value of LLTO-41 was improved to 2.0x107° S cm™!. The aid of PEO
electrolyte coating in the symmetric Li cells could avoid reduction of Ti element and improve the
interfacial contact between Li metal and electrolyte. In this way, the total resistance of a
symmetrical cell was reduced to about 2250 Q. Li|LLTO-41|LiFePO, (LFP) cell was successfully

assembled and exhibited stable battery performance at different charge/discharge rates. The initial
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discharge capacity of was 145 mAh g™! at current density of 0.1C with a capacity retention of 86.2%

after 50 cycles.
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Figure 2.28. Schematic images of (a-d) Tape-casting method; and (e) electrochemical
performance of Li|LFP cell. Images adapted from ref. [156]. Copyright@2019 John Wiley &

Sons, Inc.

2.6 Conclusions and perspectives

The formation of stable interphases (e.g., SEI, SLEI, and CEI) in lithium batteries is critical to
achieving high-energy density and long cycle life. Based on the progressive understanding of the
structural and chemical properties of the different interphases, great progress has been made in
designing and fabricating artificial interphases with improved stability. We concluded that more
focus should be directed on the following topics to maximize the benefits of the interphases and
minimize their negative impacts on battery performance:

1. The need to establish a database that guides the formation of a robust layer of the less-

studied interphases (e.g., SLEI and CEI) using advanced characterizations and simulations.
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2. Particularly for SSBs, it is imperative to comprehend the dynamics of ionic transport across
the interphases.

3. The requirement to rationally adjust the electrolyte components to expand the lifespan of
batteries. This is critical for SSBs as they can potentially enhance safety and energy
densities in comparison to commercial LIBs with flammable electrolytes.

The interfacial challenges in SSBs seriously impact battery performance and hamper their
commercialization. Solid-liquid hybrid electrolytes display great potential for solving the inferior
physical/electrochemical contacts between electrodes and mass-producing SSEs through wet-
chemistry routes. Despite the merits of this strategy, rationally designing a chemically stable and
less resistive solid-liquid electrolyte interphase (SLEI) is a crucial future step. However, no
previous critical review has been accessed for SLEI, though, thus additional efforts are urgently
needed on hybrid electrolyte optimization. Some perspectives on this are provided below.

1. LE addition optimization: The proper quantity of LE is needed to wet the interface
adequately. Furthermore, it is crucial to minimize the liquid content that remains after
decomposition. It would be challenging to precisely quantify the residual liquid content
after cycling when disassembling the cell.

2. A deep understanding of the SLEI: To sustain battery cycling efficiency, the formed SLEI
should have low resistivity and excellent stability. However, with the addition of a complex
LE (e.g., a liquid system with multiple additives), it is difficult to probe and understand the
SLEI evolution during cycling.

3. Careful evaluation of battery safety and durability: Safety is a concern when using the
hybrid solid-state electrolyte interfacial approach in SSBs, even when a tiny amount of
liquid addition is added. Therefore, comprehensive monitoring of battery safety assisted

with theoretical modeling is required to demonstrate and/or enhance the battery reliability.
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After reviewing the issues of interface and interphases, SSEs (e.g., LLTO) still have face numerous

obstacles to be overcome at different levels, including material design and synthesis with required

properties, processing, and a stable performance in SSBs.

1.

At the material level: SSEs suffered from high grain boundary resistance that limits total
ionic conductivity. Several approaches have been adopted to address this issue such as
microstructural engineering of grains or introducing amorphous phase into grain boundary,
which have been found to decrease grain boundary resistance and thus enhance total
conductivity. Another strategy is to fabricate amorphous or single crystalline films.
Additionally, a variety of methods have been followed to improve total ionic conductivities
of crystalline SSEs:

a) Doping: dopants such as Sr, Y, Nb, etc. could modify the crystal structure of LLTO
and increase the ionic conductivity over 10* S cm™ at room temperature.

b) Nano-structuring: we have reviewed that implementing well-aligned 1D SSE
materials in nanoscale morphology can facilitate Li-ion migration. Based on this
idea, fabricating 3D vertically aligned channels in all-ceramic SSEs may be
effective in attaining high ionic conductivity without the usage of flammable
polymeric components as the matrix.

Fabrication and mass processing of all-ceramic SSBs: Tape casting technology is very
compatible with existing roll-to-roll battery manufacturing processes; a lot of research is
focused on its application in SSBs to make thin films (thickness is less than 100 pum).
Optimization of the slurry recipe and sintering conditions is essential to obtain a good
quality of final tapes. However, it is still challenging to fabricate large-scale tape-casting
films for SSBs.

Li loss during sintering: thin films always need to be sintered at high temperatures (e.g.,

>1000 °C) to be further densified. To counteract undesired Li loss (Li evaporates
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apparently over 900°C) in all-ceramic SSEs, researchers typically surround green tapes
with the mother powder during sintering to reduce any further Li losses from electrolytes,
but Li sublimation still occurs. Introducing low melting point phases (also called sintering
aids) could be acceptable for processing electrolytes with improved sinterability and
density.

4. Capability with Li-metal anodes. Battery assembly and manufacturing based on all-
ceramic SSEs is another important consideration for high energy-density SSBs. The
following issues need to be addressed:

a) Compatibility with Li metal: For instance, the poor contact between Li metal and
LLTO SSEs. Li metal reacts easily with Ti*" cations inside LLTO. Thus, it is
essential to modify the surface of LLTO SSEs. Some researchers have employed
protective layers including metal or metal oxides or polymers for LLZO SSEs.
Moreover, the addition of LEs could be one compromising way to improve
interfacial contact.

b) Mechanical strength and stacking pressure: The brittleness of all-ceramic thin films
makes battery assembly challenging. A proper stacking pressure needs to be
applied that could maintain good contact among layers but cause no damage to
SSEs. Applying buffer layers during the assembly (e.g., Ni-coated sponge) may
help to prevent SSEs from cracking and fracture.

Finally, ceramic-based oxides are promising SSEs materials with a potential use in SSEs. However,
like all other prospective materials (e.g., phosphates, sulfides, and halides), it has many drawbacks
that currently hamper their practical development in SSBs. Nevertheless, intensive research into

innovative strategies to overcome these challenges can lead to its adoption into high-energy SSBs.
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Chapter 3

Experiments and characterizations

3.1 Experimental approach

3.1.1 SSEs preparation

In this study, we used two approaches (uniaxial cold-pressing and isostatic cold-pressing) to
fabricate SSE pellets. The first step for both approaches is to press powder into non-sintered
electrolytes (also called green pellets). The second step is to identify the optimal temperature to
sinter the green pellets. A proper sintering temperature is beneficial to fabricate crystalline SSEs
with a dense microstructure. For instance, the green LLTO pellets were sintered at different
temperatures (960 °C, 1050 °C, and 1170 °C) for 12h in air. Extra powder of LLTO was placed at
the surface of the pellet during sintering to compensate for Li loss (Li will evaporate after 900 °C).
The sintering process enhances the densification of LLTO pellets and thus improves the total ionic
conductivity. In Figure 3.1, uniaxial cold-pressing needs a high pressure (200 MPa is used in this
study) to obtain voids-free SSEs. On the other hand, isostatic cold-pressing can reach a higher
density with a lower pressure (<100 MPa).

pressure

H

Pristine powder Density ., Coolat
oo = f‘ D
Uniaxial cold-pressing into bulk enhancement Room

Non-sintered Sintering in air temperature Sintered SSEs and

SSEs (green ready to be

pellets) assembled into
battery

Isostatic cold-pressing

Figure 3.1. LLTO preparation via two types of cold-pressing followed by sintering.
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3.1.2 Electrodes preparation

Lithium metal (Li°) foil has the highest theoretical capacity (3860 mAh g'!) among metals and thus
was used as the anode in this study. Commercial Li° foils with different thicknesses (e.g., 25 um
and 250 pum) supplied from MTI Corp. were stored inside an Argon-filled glovebox to avoid
oxidation and were then cut into discs (portable manual punching cutter supplied from MTI Corp.,
10 mm in diameter) for battery assembly.

Lithium iron phosphate (LiFePOs, LFP) is the representative cathode material. Its specific capacity
(around 170 mAh g) is higher than that of the related lithium cobalt oxide (around 140 mAh g!).
Because of its low cost, low toxicity, and long-term stability, it was used for this study. A
commercial cathode sheet (83 um in thickness) was cut into discs (portable manual punching cutter

supplied from MTI Corp., 12 mm in diameter) for battery assembly.

3.1.3 Battery assembly

Symmetric Li cell

A symmetric Li cell was assembled in a 2325-type coin cell (the diameter is 23 mm and the height
is 2.5 mm). 2325-type coin cells contain stainless steel caps and cans that seal the battery. A spring
and a stainless-steel spacer were used to increase the stacking pressure among layers. LLTO
sandwiched by Li° foils was assembled in the middle, as shown in Figure 3.2. The symmetric cell
was used to study the chemical stability of LLTO against Li®. All assemblies were done inside an

Argon-filled glovebox.

Stainless steel cap
Spring

Stainless steel spacer
Li metal

LLTO SSEs

Li metal

Stainless steel can
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Figure 3.2. Schematic of a symmetric Li cell design.

Battery cell

A battery cell design as shown in Figure 3.3 consists of a Li’ anode, SSE, and a cathode (e.g.,
LiFePO,, LFP), and was used to investigate the battery charge/discharge performance. All layers

were assembled in a 2325-type coin cell in an Argon-filled glovebox.

Stainless steel cap
Spring

Stainless steel spacer
Li metal

LLTO SSEs

LFP

Stainless steel can

Figure 3.3. Schematic of a battery cell design.
3.2 Materials characterization
X-ray diffraction
The technique of X-ray diffraction (XRD) is used to determine the structure of a crystal. A beam

of incident X-rays irradiates the sample and is subsequently diffracted in many directions by the

crystalline structure. !

X-ray photoelectron spectroscopy

Photoelectron spectroscopy is based on the external photoelectric effect, where illumination of a
sample with photons of defined energy larger than the ionization energy causes electrons to be
emitted from the sample.! The method is known as X-ray photoelectron spectroscopy (XPS) when
X-ray is used as excitation source. The detection depth of XPS is around 20 A, only several atomic
layers on the surface of the material. The ex sifu XPS is commonly used to detect the chemical and

electronic properties of interfaces in SSBs. In this study, XPS peaks were fitted using CasaXPS
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software (version 2.3.25) with Shirley BG and all spectra were calibrated with respect to C 1s (at

285.0 V).

3.2.1 Interphase characterization

Scanning transmission X-ray microscopy and X-ray absorption spectroscopy

Scanning transmission X-ray microscopy (STXM) is a type of soft X-ray synchrotron-based
spectromicroscopy. The ambient-STXM facility used in this study is available on beamline: 10ID-
spectromicroscopy at the Canadian Light Source. STXM is highly adaptive with X-ray absorption
spectroscopy (XAS) to determine the two-dimensional/three-dimensional local chemical and
morphological structure in bulk/surface with a spatial resolution of ~30 nm in the conventional
mode and ~10 nm in the ptychography-mode (the set-up components are illustrated in Figure 3.4).%?
Dry and wet samples can both be measured in a helium environment or in vacuum from rough to

~10° Torr.

Synchrotron Radiation
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Figure 3.4. Schematic of (a) conventional-mode and (b) ptychography-mode STXM with the data

reconstruction method. Image adapted form ref. [3].
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3.3 Electrochemical characterization

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis is a technique that measures resistance by
monitoring the current response while an alternating voltage is applied to an electrochemical cell.
Two-electrode electrochemical cells with SSEs are usually modeled with the equivalent circuit
shown in Figure 3.5. The electrical circuit is described using the Nyquist plot obtained from
(Solartron, SI 1260) with a frequency ranging from 1 MHz to 0.01 Hz and an amplitude of 50 mV.
For low values of test frequency, the dominant effect is ion diffusion and the plot produced is
essentially a straight line with a slope of 45°. At high frequencies, where the diffusion time constant
is much longer than the single period, the plot is described by a semi-circle with its diameter given
by the charge transfer resistance Re:. R; is considered as the bulk resistance of SSEs. The bulk ionic
conductivity of SSEs was calculated following the formula o = L/R,S, where R is the impedance
for the fitted results in Nyquist plots, L is the ceramic thickness, and S is the effective contact area

between the electrolyte and electrodes.*

. g
C dl ﬁ
[ [ ,.|=.‘ Opax = V(R Cyp)
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0l R, R(‘(Z) Q)

Figure 3.5. EIS equivalent circuit (left) and Nyquist plot (right). Image adapted form ref. [4].

Galvanostatic charge/discharge

One common way to characterize the performance of lithium batteries (e.g., battery lifetime, long-
term stability, etc.) is to measure the amount of charge stored and delivered during charge and
discharge. The galvanostatic test is conducted during various cycles at different current rates to

measure the amount of charge stored and delivered during charge and discharge. During the
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galvanostatic cycling of batteries, the charge and discharge currents are expressed as a C-rate,
calculated from the battery’s nominal capacity (the battery’s capacity can be fully charged). For

example, 1C means complete charging or discharging the battery in one hour.

3.4 References

1. Li, Y.; Gao, Z.; Hu, F.; Lin, X.; Wei, Y.; Peng, J.; Yang, J.; Li, Z.; Huang, Y.; Ding, H.
Advanced characterization techniques for interface in all-solid-state batteries. Small
Methods. 2020, 4, 2000111.

2. Zhou, J.; Wang, J. Applications of Soft X-ray Spectromicroscopy in Energy Research from
Materials to Batteries. Advanced X-ray Imaging of Electrochemical Energy Materials and
Devices. 2021, 141-178.

3. Wang, J; Li, J. H. Scanning transmission x-ray microscopy at the Canadian Light Source:
Progress and selected applications in geosciences. At. Spectrosc. 2022, 43, 84-98.

4. Grossi, M.; Ricco, B. Electrical impedance spectroscopy (EIS) for biological analysis and

food characterization: A review. Journal of sensors and sensor systems. 2017, 6, 303-325.

74



Chapter 4
Engineered interfaces between perovskite La;3xLizTiO3 electrolyte and

Li metal for solid-state batteries

This chapter has been adapted from a research paper published in Frontiers in Chemistry (doi:

10.3389/fchem.2022.966274).

4.1 Abstract

Perovskite Lay;sxLi3TiO3 (LLTO) materials are promising solid-state electrolytes for lithium metal
batteries (LMBs) due to their intrinsic fire-resistance, high bulk ionic conductivity, and wide
electrochemical window. However, their commercialization is hampered by high interfacial
resistance, dendrite formation, and instability against Li metal. To address these challenges, we
first prepared highly dense LLTO pellets with enhanced microstructure and high bulk ionic
conductivity of 2.1x10* S c¢m™ at room temperature. Then, the LLTO pellets were coated with
three polymer-based interfacial layers, including pure (polyethylene oxide) (PEO), dry polymer
electrolyte of PEO-LITFSI (lithium bis(trifluoromethanesulfonyl)imide) (PL), and gel PEO-
LiTFSI-SN (succinonitrile) (PLS). It is found that each layer has impacted the interface differently;
the soft PLS gel layer significantly reduced the total resistance of LLTO to a low value of 84.88
ohm cm. Interestingly, PLS layer has shown excellent ionic conductivity but performs inferior in
symmetric Li cells. On the other hand, the PL layer significantly reduces lithium nucleation
overpotential and shows a stable voltage profile after 20 cycles without any sign of Li dendrite
formation. This work demonstrates that LLTO electrolytes with denser microstructure could reduce
the interfacial resistance and when combined with polymeric interfaces show improved chemical

stability against Li metal.
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4.2 Introduction

Solid-state lithium metal batteries (LMBs) using lithium (Li) metal as anode chemistry are
promising alternative energy sources with improved safety and increased energy densities.!>343
Solid-state electrolytes (SSEs) permit reliable safety for LMBs due to their non-flammable, solid
feature, and the wider electrochemical window (>5 V vs Li/Li*).°

Among reported solid-state electrolyte (SSE) materials, perovskite-type (ABOs) LLTO exhibits
high bulk ionic conductivity, good stability in a dry or humid atmosphere and a wide operating
temperature range.*”%° However, the low sinterability (interpreted as a long period of sintering at
a high temperature over 1000 °C) leads to significant Li loss, further resulting in a decreased lower
total ionic conductivity. Simply modifying the sintering conditions risks reducing the density of
electrolytes. To maintain good sinterability and density, scholars typically add additional Li (e.g.,
excess of pristine powders and low-melting points salts during solid-state processing).!%!!12
However, the produced second phase may increase the grain boundary resistance.

In addition, the resistive and inhomogeneous interfacial contact against Li metal results in high
interfacial resistance in the range of 10> ohm cm™ to 10° ohm cm.'>!%15 High interfacial resistance
due to poor contact results in a large overpotential during the charge and discharge cycling process.
Various strategies of surface treatments on ceramic electrolytes have been investigated to improve
the interfacial contact. Table 5 presents selected interfaces on ceramic electrolytes and performance
in symmetric Li cells.

Table 5. Summary of selected interfaces on ceramic electrolytes and performance in symmetric

lithium cells.

Interface Stable
Interface Ceramic SSEs resistance (ohm potential
cm?) (mV)
) Reduced from ~22at0.5
Gold (Au)'® Ta-doped LisLa3Zr,01,
1500 to 380 mA cm?
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] Reduced from 900  ~25 at 0.05
20nm germanium (Ge)!’ Lig gsLaz 9Cag 1Zr1.75Nbg 25012
to 115 mA cm?
] Reduced from 22 at 0.2 mA
ALO38 LisLaz75Ca0.25Z11.75Nbp.25012
1710to 1 cm™
. 6.5at0.1
ZnO" Lis.7sLaz.75Ca0.25Zr1.75Nbo 75012 20
mA cm?
. Reduced from 6 at 50 uA
Graphite?’ Lis9Alo2LasZr1.75Wo25012
1350 to 105 cm?
. . 100 at 0.1
PE021 L10‘34L30A56T103 549
mA cm?
PEO/LIiTFSI (O/Li mole Data is no 50 at 0.1 mA
Lis.4LaxZr14Tap 6012
ratio of 8:1)* available cm?
Cross-linked poly(ethylene
Data is not
glycol) methyl ether Li; 3Alo3Ti17(POg)s 500
available
acrylate-LiTFSI-AL,03%
Data is not 150 at 0.3
PAN/10 wt.% LiClO4* Li-ion-conducting glass ceramic
available UA cm?
Reduced from 125 at 125
PVDF-HFP? Li;Laz75Cag.25Z11.75Nbp.25012
1400 to 214 UA cm?
PLS gel membrane (this Reduced to 84.88  7.25 at 0.04
Lao.s7Li0.20TiO3
work) for pellet mA cm™

One approach is to introduce another metallic layer between the Li metal and ceramic electrolytes

such as Au, Ge, etc.'®!” Alternatively, Fu et al. applied an aluminum metal coating on garnet and

reduced the interfacial resistance by more than one order of magnitude.'® A metallic layer tends to

alloy with Li metal, which could improve the wettability of ceramic SSEs though they are still solid

and hence, cannot ensure impeccable interfacial contact. To further enhance the contact against

electrodes, metal oxides consisting of Al,Os3, ZnO, and graphite are widely used to modify the

surface of electrolytes.'®!*?® Han et al. deposited atomic-layer of Al,Os on garnet electrolyte,

allowing the interfacial resistance to be reduced to only 1 ohm cm™.!'® However, the above-

mentioned metal oxides are generally deposited by complicated and expensive methods. The

resistance between hard ceramic grains within the electrolyte is still large. Compared with metal or
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metal oxides, utilizing soft polymers (e.g., poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN),
poly(vinylidene fluoride) (PVDF), etc.) as interfacial layers increases ionic conductivity and
enhances the contact among neighboring grains by filling the voids and grain boundary regions.?®?
Specifically, PEO has been widely used for composite electrolytes to provide flexibility but suffers
low room temperature conductivity (e.g., 10%-10® S cm™) partly due to its high degree of
crystallinity below its melting point (~60 °C). The addition of Li salts such as lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), tends to reduce PEO crystallinity and enhance
conductivity by facilitating lithium-ion transport. Al-Salih et al. published on polymer-rich
electrolytes (e.g., the mass ratio of PEO:LiTFSI is 70%:30%) with ionic conductivity of over 10
S cm™ at 55 °C.® As an effective ionizer, succinonitrile's (SN) high dielectric nature can separate
Li ions from LiTFSI and further boost ionic conductivity. Observed room temperature ionic
conductivity could reach the magnitude of 10° S cm™ by optimizing the mass ratio to 35%
PEO:30% LiTFSI:35% SN.? They have also shown successful cycling in oxide-based cathodes up
to 4.1 V (vs. Li/Li*) compared to the conventional, phosphate-based cathode limited by PEO
stability above 3.7 V (vs. Li/Li").

To date, only a few articles have proposed microstructural and interfacial modifications to
perovskite-based electrolytes. The main problem with perovskite-based electrolytes is that Ti*
cation is chemically unstable in the presence of Li-metal anode, and thus it is essential to introduce
protective layers to avoid direct contact. Jiang et al. applied PEO films between LLTO and
electrodes in a cell of Li|PEO|LLTO|PEO|LiFePO4 (LFP) that exhibited good electrochemical
performance. The initial discharge capacity reached 145 mAh g™ at a current density of 0.1C and
capacity retention was 86.2% after 50 cycles.?!

In this work, we have first prepared dense LLTO electrolyte materials with improved
microstructure and high bulk ionic conductivity by mixing and optimizing the weight ratios

between granular and milled LLTO powders at different sintering temperatures. We have then
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identified optimal interfacial layers of PEO-based gel membranes for LLTO electrolytes, including
100 wt.% PEO (P), 70 wt.% PEO/30 wt.% LiTFSI (PL), and 35 wt.% PEO/30 wt.% LiTFSI/35
wt.% SN (PLS). The optimal interfacial layer for LLTO is expected to provide efficient protection
against Li metal and reserve good ionic conductivity. Electrochemical Impedance spectroscopy
was performed to evaluate the conductivity of pristine and coated LLTO pellets. Symmetric Li cells
and Ohm’s law were used to explore and analyze the possible mechanism of coated LLTO

electrolytes for the improved stability with Li metal.

4.3 Materials and methods

4.3.1 Electrolyte fabrication
Pristine Lags7Li029TiO3 (TOHO TITANIUM, Co., Ltd.) powders including granular (G-LLTO,

D50 = 50 pm) and milled (M-LLTO, D50 = 1 pm) type were stored under inert conditions in an
argon-filled glovebox. To prepare mixed LLTO powders, G-LLTO and M-LLTO powders with an
optimized weight ratio of 70:30 was dispersed in 2-propanol to acquire a homogenous suspension.
After vigorous stirring at 2000 rpm for 30 mins (THINKY mixer), the mixture was dried in a 70 °C
oven overnight to remove the solvent.

The LLTO powder was then uniaxially cold-pressed followed by sintering at high temperature. The
mixed powder was molded in a stainless-steel die (15.6 mm in diameter) and then pressed with a
pressure of 200 MPa for 4 mins. The cold-pressed pellet was fully covered with mother powder
(e.g., 5 wt.% with respect to the total weight of cold-pressed pellet) and then was sintered at 1170
°C for 12 h in air. The mother powder was added to compensate for any lithium loss (or evaporation
of lithium compounds such as lithium oxides) at the high-temperature sintering process. The
heating and cooling rate were 10 °C/min and 2 "C/min, respectively. The sintered electrolyte was
cut into about 0.7 mm thick slices (the minimum thickness to keep the cut-off pellets complete) by

a low-speed diamond saw (MTI Co., Ltd) and then stored in an argon-filled glovebox.
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4.3.2 Interfacial modifications

Poly (ethylene oxide) (PEO, average molecular weight of 600,000) was dispersed in acetonitrile to
acquire a pure PEO (P) solution. PEO and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
with a weight ratio of 70:30 was mixed in acetonitrile to get PEO-LiTFSI (PL) solution. A weight
ratio of among PEO, LiTFSI, and succinonitrile (SN) of 35:30:35 in acetonitrile was used to make
the gel membrane (PLS) solution. Each solution was dropped two times on both sides of LLTO

pellets. The coated pellets were dried in air at room temperature to remove the solvent.

4.3.3 Symmetric Li cells assembly

Symmetric Li cells of LLTO pellets with and without coating were fabricated in an argon-filled
glovebox to investigate the process of Li plating/stripping and evaluate its long-term cycling

stability. Two Li foils were sandwiched on both sides of coated LLTO in a 2325-type coin cell.

4.3.4 Material characterization

The morphology of the pristine powder and prepared pellets were observed by scanning electron
microscopy (Zeiss Gemini SEM 500) and energy dispersive X-ray spectrometry (EDS, Bruker).
The crystalline phase was confirmed by powder X-ray diffractometry (PXRD, Rigaku, Ultima IV)
with a copper source and one diffracted beam monochromator, operating at 40 kV and 44 mA. The
pellets were scanned in the 260 range from 10 degrees to 60 degrees with a scan rate of 2
degrees/min. X-ray photoelectron spectroscopy (XPS) analyses were carried out using an Axis
Ultra DLD spectrometer (Kratos Analytical, Manchester, UK) with monochromatized Al Ka X-

rays.

4.3.5 Electrochemical characterization

The resistance of pellets was measured via electrochemical impedance spectroscopy (EIS) by
impedance/gain-phase analyzer (Solartron, SI 1260) with a frequency ranging from 1 MHz to 0.01

Hz (the amplitude was 50 mV) from room temperature to 60 °C. For uncoated LLTO pellets, an
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Au/Pd layer was sputtered on both sides before the test. Coated LLTO pellets were tested directly
without Au/Pd coating layer. The bulk ionic conductivity was calculated following the formula o
=L/RS, where R is the impedance for the fitted results in Nyquist plots, L is the ceramic thickness,
and S is the effective surface area of the electrolyte. The galvanostatic charge/discharge
characteristics for symmetric Li cell were measured between -4.5 V and 4.5 V with current densities
of 0.01 mA cm™, 0.02 mA cm™ and 0.04 mA cm™ at 60 °C using a potentiostat (Biologic Sciences

Instruments).

4.4 Results and discussion

4.4.1 Characterization of LLTO powders and pellets

LLTO powders exhibit different morphologies, as shown in Supplementary Figure 1. The shape of
the secondary particle for granular powder (designated as G-LLTO) is spherical (in Figure
A9.1(A)). For milled powder (designated as M-LLTO), each secondary particle is more angular
than G-LLTO (in Figure A9.1(B)). The secondary particles (with size of ~40 um) comprise of
agglomerated primary particles with smaller sizes of ~0.5 um. Note that each secondary particle
for M-LLTO appears to represent one primary particle. To enhance the sinterability of dense LLTO,
G-LLTO and M-LLTO powders with various weight ratios are mixed and investigated. The
optimization of the weight ratio between G-LLTO and M-LLTO powders is 70:30. While regarding
to the mixed powder, each secondary particle contains larger primary LLTO particles surrounded
by smaller primary particles. The secondary particle of mixed powder has the average particle size
of ~1 um as indicated in Figure A9.1(C).

The mixed LLTO electrolytes (70 wt.% of G-LLTO and 30 wt.% of M-LLTO) show the highest
densification after sintering at 1170 °C for 12h in air, compared with its single components as
shown in Figure A9.2. Furthermore, the SEM images for LLTO with the optimization of sintering
temperatures is exhibited in Figure A9.3. Green mixed pellets are sintered at 960 °C, 1050 °C, and

1170 °C for 12h in air atmosphere. Elevated sintering temperatures thus accelerate the growth of
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LLTO grains. The densification is enhanced with increased sintering temperature at the same time.
As a result, the mixed LLTO pellets show void-free surface and indicate the highest densification
after sintering at 1170 °C. However, the sintering temperature cannot be too high as Li would be
lost during the sintering process (Li starts to be sublimated at temperatures above 900 °C).!"°

In the insets of Figure 4.1, the sintered electrolytes have a light-yellow color on the surface. The
surface of sintered LLTO pellets without any polishing is dense but relatively rough. The sintered
pellets using G-LLTO and M-LLTO, respectively (in Figure 4.1(A) and (B)), indicate grains
growth in different degrees. Most LLTO neighboring grains for mixed LLTO in Figure 4.1(C) have
better contacts without significant porosity at 1170 °C. The dense microstructure of the LLTO
electrolytes could enable a homogeneous current distribution and prevents Li dendrite penetration

during the cycling process.'®

Figure 4.1. SEM pictures of sintered pellets (without polishing at 1170 °C for 12h in air): (A) G-
LLTO; (B) M-LLTO; and (C) mixed LLTO.

Figure 4.2 shows that the color of sintered LLTO pellets changes from white to dark gray and then
to a deep black over time when bring in contact with Li metal. To avoid the exposure of Li metal
to air, LLTO with Li-metal foil is sealed in glass containers filled with inert Argon atmosphere. It
is clear that white LLTO is very sensitive to reduction and takes place in less than 5 mins. Initially,
white LLTO electrolytes would turn black after contacting with Li after 90 mins. The SEM
micrograph in Figure A9.4 shows that the surface of the white and black LLTO pellet is not flat.
The roughness of both pellets depends on the cut-off procedure via low-speed diamond saw. This
result supports that color change of LLTO has no apparent effect on the surface morphology of

pellets.
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Figure 4.2. Photographs of un-coated LLTO contacts with Li metal after: (A) 5 mins; (B) 30
mins; (C) 60 mins; and (D) 90 mins.

—

The XRD patterns of all pellets are plotted in Figure 4.3 and match to a perovskite ABO3
superstructure (tetragonal structure JCPDS #87-0935).3!32 Figure 4.3(A) proves that the bulk
structure of white LLTO remains unchanged after mixing G-LLTO and M-LLTO powder. Figure
4.3(B) also validates that sintering at 1170 °C for 12h in air does not affect tetragonal structure of
black LLTO (when it is in contact with Li metal). Also, the LLTO structure would be changed from

tetragonal to cubic after sintering over 1500 °C.
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Figure 4.3. 2D stacked XRD spectra of: (A) non-sintered LLTO pellets; and (B) sintered mixed
LLTO pellets.

4.4.2 Ionic conductivity of sintered LLTO pellets

Figure 4.4 compares EIS curves of sintered un-coated LLTO pellets. The resulting Nyquist plots
contain one semicircle and an inclined straight line. In Figure 4.4(A), the calculated bulk ionic
conductivity of the G-LLTO pellet is 4.7x10° S cm™ at room temperature. Because of the
decreased particle size, the bulk ionic conductivity of M-LLTO electrolyte increases to 1.8x10* S

cm’'. Mixed LLTO electrolyte presents the highest bulk conductivity of 2.1x10* S cm™ at room
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temperature as calculated from Figure 4.4(B). This enhancement might be attributed to the presence
of smaller secondary particles within the grains of G-LLTO powder, which minimizes grain
boundary resistance and increases the contact area between neighboring grains.*> The ionic
conductivity of the mixed electrolyte increases with temperature and follows an Arrhenius behavior

as indicated in Figure 4.4(C) with an activation energy of 0.23 eV.
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Figure 4.4. (A) AC impedance spectra of sintered un-coated LLTO pellets at room temperature;
(B) Nyquist plot of sintered mixed LLTO pellet during 28 *C-58 °C; and (C) Arrhenius plot of
sintered mixed LLTO pellet during 28 °C-58 °C. Fitting circuit is (RICPE1)(CPE2). R and CPE

represent the resistor and the constant phase element, respectively.

4.4.3 Instability of LLTO electrolytes against Li-metal

To further confirm the composition and chemical nature of black sintered LLTO pellets, XPS
analysis is conducted on the collected black samples and the results are shown in Figure 4.5. The
XPS spectra shown in Figure 4.5(A) consist of major peaks assigned to Li 1s, La 3d, Ti 2p, Ol 1s,
and C Is. C 1s peak at 284.8 eV is used as a reference peak for calibration. High-resolution peaks
of La3d 3/2,La3d5/2,and O 1s are shown in Figure 4.5(B) and (C), respectively. In Figure 4.5(D),
the Ti 2p core spectrum reveals two main components: the peaks around 458.6 eV and 463.3 eV

3435 The atomic content of Ti*" species on the surface of the black

are associated with Ti*" cations.
sample is 84.48 %. For black LLTO pellets, Ti** species are heavily reduced to the lower valence
of Ti ions after assembling with Li metal, corresponding to the peak around 460.5 eV that is

associated with Ti** species.?-3¢
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Figure 4.5. XPS spectra of black sintered LLTO pellet: (A) wide survey (pass energy = 80 eV);
high-resolution scans (pass energy = 20 eV) of (B) La 3d region; (C) O 1s region; and (D) Ti 2p

region.

4.4.4 Resistance of coated LLTO electrolytes

The two sides of sintered mixed LLTO pellets (non-polished) are coated with PEO-based gel
membranes. The SEM images for the morphology of coated-LLTO with each interfacial layer are
shown in Figure A9.5. LLTO pellets modified by PEO-based gel films are smooth and uniform.
PEO-based gel can be observed in the cracks and porosities of LLTO pellets and can thus provide
effective pathways for Li-ion transportation even if the ceramic pellet cracks during cell assembly.
High-resolution EDX mapping in insets of Figure A9.5 exhibits a continuous and conformal
coating of polymer on the surface of LLTO pellets, enabling effective protection of LLTO pellets
from Ti* cation reduction.

The AC impedance results of coated LLTO electrolytes during testing at 30 °C-60 °C are illustrated
in Figure 4.6. The high-frequency semicircle in all curves is attributed to the total resistance of the
coated electrolytes. Compared to the total resistance PEO-LLTO and PEO-LiTFSI (PL)-LLTO as

shown in Figure 4.6(A) and (B), the value of PEO-LiTFSI-SN (PLS)-LLTO in Figure 4.6(C) is the
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smallest (84.88 ohm cm at 60 °C) because the gel electrolyte has high ionic conduction compared
with PEO or PL. Thus, it is verified that PLS with a weight ratio of 35%:30%:35% enables more

lithium-ion pathways and enhances the polymer membrane’s ionic conductivity.
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Figure 4.6. Nyquist plots of LLTO pellets during 30 °C-60 °C coated by: (A) PEO; (B) PEO-
LiTFSI; and (C) PEO-LiTFESI-SN.

To determine the total activation energy for Li-ion migration, temperature-dependent
measurements are obtained at the same frequency range (I MHz-0.01 Hz) by changing the
temperature from 30 °C to 60 °C as plotted in Figure A9.5. The calculated activation energy for
each coated-LLTO is listed in Table A7. PL-LLTO has the lowest activation energy of 14.85 kJ
mol !, as shown by the reduced interfacial resistance mentioned before. Compared to PEO only, the
introduction of LiTFSI salt is helpful to reduce the activation energy and increase the ionic
conductivity. For PLS-LLTO, it is obvious that after 55 °C, the slope of the line decreased due to
the reduction of activation energy. The slope change at higher temperatures is possibly due to
“melting” phase transition of SN and PEO. Nevertheless, Li* mobility is restricted at lower
temperatures.’” We assume that the increase in activation energy for PLS is due to the phase
transition of SN to the plastic solid phase. As a result, PLS-LLTO increases the total resistance and
brings on a higher energy barrier for lithium-ion transport. We would test PLS-LLTO in symmetric

Li cells to further verify this hypothesis in the Section 4.4.5.

4.4.5 Performance of symmetric Li|coated-LLTOILi cell
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Figure A9.7 exhibits the color of coated LLTO pellets after cycling in symmetric cells. PEO
membrane cannot protect LLTO well due to several darker grey dots (in Figure A9.7(A)). The
black circle in the middle of the P coated-LLTO and PL coated-LLTO (in Figure A9.7(B)) pellets
is Li foil. In contrast, Li foil is absent on the surface of PLS coated-LLTO as evidenced by Figure
A9.7(C). It may be due to the softness change of the gel membranes at room temperature. The
separation of Li-metal foil from PLS coated-LLTO could also indicate increased interfacial
resistance. Moreover, partial Ti reduction increases the total resistance of LLTO pellets. Compared
to the ineffective coating of PEQ, the color of PL or PLS coated-LLTO remains unchanged. Hence,
it is proved that PL. and PLS could protect LLTO against Li metal.

Galvanostatic charge/discharge testing in symmetric Li cells (cell configuration is added in Figure
4.7 inset) are performed to evaluate the interfacial stability and voltage polarization at 60 °C. The
time-dependent voltage profile of the Li|gel-LLTO|Li cells are plotted and analyzed. LLTO coated
by three gel membranes perform relatively stable plots without noise compared to un-coated LLTO
as plotted in Figure A9.8, as evidenced by which a better interfacial contact between coated-LLTO
and Li. Besides, the flat voltage plateau with a small variation for three cells with coated-LLTO is
support of the excellent interfacial stability.*® The open circuit voltage (OCV) is around 1.5 V and
drops down to 0 V after resting for 12h. To study the reason why the OCV is not 0 V, the assembled
cell is rested for 12h and 24h before cycling to investigate the difference. Voltage differences with
the other cells studied here may be due to good Li* conduction of gel electrolytes. The interface
activation process can be seen from the voltage profile of the stripping-plating cycle, where the
voltage decreases in the first 20h and then becomes relatively stable.* The related tiny noise in the
voltage profile is attributed to localized voids forming at the Li|coated layers interface as Li is
stripped away from the anode; the voids likely formed because of insufficient pressure applied to
the symmetric cell during cycling.*® Small asymmetry of the whole profile could be related to the

still inefficient transition pathways and partial distortion between coating layers and LLTO.*!
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Figure 4.7. Cycling performance of symmetric Li cells at different current densities (tested at

60°C) and LLTO was coated by: (A) PEO; (B) PEO-LIiTFSI; and (C) PEO-LiTFSI-SN.
Compared to the overpotential for un-coated LLTO at a current density of 0.04 mA cm?, PEO
coated-LLTO (P-LLTO) pellet has a larger value as represented in Figure 4.7(A). This may be due
to PEO degradation during the cycling at different current densities. Besides, as confirmed by the
color change of PEO-LLTO pellet after cycling (in Figure A9.7(A)) the reduction of LLTO might
affect the interfacial stability against Li and increase the total cell resistance.*? In comparison, the

overpotential is only 1.7 mV at a current density of 0.04 mA cm™ for PL-LLTO pellet as indicated
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in Figure 4.7(B). The smallest value of overpotential with the stable trend and mitigated noise
suggests enhanced interface stability and favored electrochemical reaction with Li-metal anode.*
The hysteresis change in voltage trace implies that the voltage shape after extended cycling cannot
be fully captured by morphology-driven reaction kinetics.*! Regarding the reversible behavior of
gel-LLTO for Li stripping and plating, the profile indicates stable performance when the current
density is dropped down to the original value of 0.01 mA cm™.

The larger overpotential value for PLS-LLTO pellet as shown in Figure 4.7(C) proves our
assumption based on its higher activation energy during 30 °C-60 °C. PLS with SN brings on
increased interfacial resistance against Li metal. This claim agrees with the observation for cycled
PLS coated-LLTO (from opened symmetric Li cell in Figure A9.7(C)) that Li metal is completely
separated from PLS. Insufficient contact during the cycling causes polarization and more potential
loss.

To further examine the cycling stability of three PEO-based membranes on the LLTO pellets,
Figure 4.8 compares the resistance of symmetric Li cells before and after cycling at room
temperature. The high-frequency semicircle corresponds to the total resistance of symmetric Li
cells with coated-LLTO. Overall, there is a significant drop of total resistance for three gel coated-
LLTO, proving the effectiveness of polymer-based coatings in improving interfacial contact. The
large resistance of Li|PEO coated-LLTO|Li before galvanostatic cycling in Figure 4.8(A) might be
ascribed to ineffectively interfacial contact between PEO and Li. PEO polymer is highly crystalline

at room temperature, thus resulting in considerable impedance for Li* transport.*

During the
cycling at 60 °C, moderating the modulus of the soft-phase regions for PEO could be moderated,
which helps to decrease the total resistance.** However, the total resistance of the cell is still
relatively high after cycling, which may be owing to PEO degradation (e.g., the change of

crystallization conditions) and its instability (e.g., the deterioration of physical properties) against

Li metal.*>*%4” The total resistance for PL coated-LLTO (accessed from in Figure 4.8(B)) after
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cycling is subtly larger than PLS coated-LLTO (as seen in Figure 4.8(C)), possibly because the

PLS membrane itself has lower resistance.
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Figure 4.8. AC impedance symmetric Li|PEO-based coated-LLTOILi cell before and after
cycling (tested at room temperature): (A) PEO coated-LLTO; (B) PL coated-LLTO; and (C) PLS
coated-LLTO.

Table 6 and Table A8 summarize the total polarization resistance and ionic conductivity of coated
LLTO in symmetric Li cells. Stable potential is the average voltage window (the plus between
positive potential and the absolute negative potential). The observed potential from all cells
includes polarization losses from interfaces and ohmic losses from the LLTO pellet. The volume
change of Li anode during cycling may be the origin of the overpotential change. The alignment of
both Li foils may affect the polarization resistance with coating layers.*’ Riow (0hm) is calculated
from ohm’s law (R = V/I, where V represents the stable potential (mV) and I represents the current
density (mA cm?)). Ry contains Ryux (the resistance of the LLTO pellet), Rinerfacer (the
polarization resistance between PEO-based layers and Li metal), and Rinerface2 (the interfacial
resistance between coated layers and LLTO pellet). R; (ohm cm™) is Ryotal surface areaem2) and R, (ohm
cm™) is Riotal/ thickness em). The fitting circuit is (Rou)(Rinterfacet CPE1)(Ringerface2CPE2).

Table 6. Summary of the total ionic conductivity for LLTO coated by three interfaces in

symmetric Li cell (tested at 60 °C, with decreased current density).

Current density ~ Stable Potential =~ Ryota Ri(ohm Ro(ohm cm™ 64440 (mS
Interface

(mA cm?) (mV) (ohm) cm?) D) cm™)
PEO 0.04 84.5 3755.56  2125.21 50074.07 0.011

0.02 32 284445  1609.63 37925.93 0.015
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0.01 13.5 2400 1358.12 32000 0.018

0.04 1.55 68.89 38.98 810.46 0.70
PL 0.02 0.7 62.22 35.21 732.03 0.77
0.01 0.35 62.22 35.21 732.03 0.77
0.04 7.25 322.22 182.34 3790.85 0.15
PLS 0.02 5.1 453.33 256.53 5333.33 0.11
0.01 2.35 417.78 236.41 4915.03 0.12

During the cycling process, when the current density is decreased from 0.04 mA cm™? to 0.01 mA
cm?, the voltage profile of symmetric Li cells is relatively stable. For PL coated-LLTO, it s clearly
observed that the total resistance (Riww) almost remains unchanged with the decreasing current
density. This represents that the applied current density of these three cells does not affect ionic
conductivity for these three cells.*” The smaller polarization voltage verifies the reduction of
concentration polarization.*! Compared with PEO, LiTFSI in PEO builds more Li* conductive
pathways that promote rapid Li* diffusion from the pellet to Li metal. PLS gel membranes show
expansion during the stripping and plating process. This phenomenon is most likely the cause of
the formation and disappearance of voids at the surface of ceramic pellets.*® Produced voids or
insufficient contacts would influence the value shift of the resistance. Among three gel membranes,
PL has relatively stable resistance at different current densities, corresponding to a constant ionic
conductivity of around 2 mS cm™ at 60 °C. The ionic conductivity of PLS-LLTO cell during the
cycling is lower than PL-LLTO, which may be owing to phase transition of SN over 40 °C.

Polymer gel membranes as interfaces could fulfill all voids on the surface and tend to infiltrate into
the grain boundary regions of LLTO. Coating provides a relatively flat surface contact with Li
metal and PL or PLS coated-LLTO could maintain the original white color after cycling.
Furthermore, softer PL or PLS could effectively permeate into the cracks of LLTO pellets and
prevent direct exposure of LLTO from Li-metal. Moreover, the total ionic conductivity of the
LLTO pellet is improved by optimizing the conductivity of polymer membranes. For the PLS

membrane itself, the addition of SN dissociates Li ions from LiTFSI and further maximizes the
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total ionic conductivity of LLTO pellets at 60 °C. However, the large value of overpotential for
PLS coated-LLTO in symmetric Li cells indicates that PLS has poor compatibility with Li metal
that could be attributed to the poor chemical stability of nitriles towards chemical reduction by Li

metal.

4.5 Conclusion

In summary, we have successfully fabricated highly dense LLTO pellets via uniaxial cold press
followed by sintering. EIS results from the Nyquist plot indicate that the sintered LLTO pellets
have the largest bulk ionic conductivity of 2.1x10* S cm™! at room temperature. In a highly dense
LLTO system, M-LLTO powder with smaller secondary particles fills the voids between the
primary particles in G-LLTO and enhances the densification of sintered LLTO pellets. Eventually,
a denser LLTO can be beneficial to decrease the total resistance of electrolytes and thus increases
the ionic conductivity.

Additionally, we have demonstrated that the instability of bare sintered LLTO electrolytes when in
contact with Li metal (Ti*" cation reduction), that is accompanied by visual color change, can be
overcome by coating with an interfacial layer. Three types of polymeric interfacial layers have been
investigated and their effects at the LLTO|Li metal interface have been deeply studied. Our study
shows that PEO-LiTFSI (PL) and PEO-LiTFSI-SN (PLS) coated-pellets maintains original white
color of LLTO after cycling with Li metal and effectively resolved the issue. PL or PLS gel
membranes have a soft and flexible structure, effectively providing sufficient contacts with LLTO
pellets. They also facilitate the assembly of the fragile, thin ceramic electrolytes in cells. Among
three types of gel membranes, LLTO coated by PLS gel shows the smallest total resistance of 84.88
ohm cm? and confirmed the excellent ionic conductivity of PLS gel. Nevertheless, the PLS
membrane as the interface is less chemically stable in symmetric Li cell and brings on larger
overpotential. Phase transition of SN at 60 °C possibly increases the resistance at the PLS/Li metal

interface and prohibits lithium ions diffusion.
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Our work proposes a novel microstructure of LLTO and hence enhances ceramic sinterability.

Importantly, we have addressed the Ti** cation reduction issue when Li metal is in contact with

LLTO and opened a new window for utilizing LLTO with Li-metal by introducing interfacial layers

on ceramic electrolytes. Therefore, we believe that this approach sheds a light on the safe assembly

of thin-film ceramic electrolytes in lithium metal battery.
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Chapter 5
Revealing the role of liquid electrolytes in cycling of garnet-based solid-

state lithium metal batteries

This chapter has been adapted from a research paper published in Journal of Physical Chemistry C

(doi: 10.1021/acs.jpcc.2c02074).

5.1 Abstract

Solid-State lithium metal batteries (SS-LMBs) suffer from the very high resistance at the garnet
electrolyte|cathode interface that hampers their commercialization. Herein, a carbonate-based
liquid electrolyte (LE) is introduced at the interface of LissLaroBao1Zri4TagsO12 (LLBZTO)
garnet|LiNipsMno2Co020> (NMC 622) cathode to lower the interfacial resistance and improve the
battery performance. In this work, we conducted a thorough study on the role of liquid electrolytes
at the interface using Scanning Transmission X-ray Microscopy (STXM) associated with X-ray
Absorption Spectroscopy (XAS). As a result, we have shown new data relating to the formation
and the chemical composition of the two formed interphases: a solid-liquid electrolyte interphase
(SLEI) and the cathode-electrolyte interphase (CEI). Furthermore, we have presented evidence that
LE decomposes during cycling into fluoride species including LiF and LaF3, oxides like Li»O, and
carbonates (e.g., Li»CO3) as the main components of in situ—formed SLEI. Based on the synergy
between SLEI and CEIL, we demonstrate that Li|garnet|LE[NMC 622 cells cycled with an initial
discharge capacity of 168 mAh g and capacity retention of ~82% after 28 cycles. We expect our
study of SLEI will accelerate the implementation of a new hybrid electrolyte (solid garnet and

liquid electrolyte) approach in SSLMBs.
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5.2 Introduction

Solid-State lithium metal batteries (SS-LMBs) enable higher power density and excellent safety
compared to traditional lithium-ion batteries with flammable liquid-state electrolytes.! Inorganic
solid-state electrolytes (SSEs) (e.g., perovskites, garnets, NASICON-type, etc.) are promising
candidates that may provide high ionic conductivity and improved energy density. In particular,
garnet-type LizLasZr,O1, (LLZO) SSEs have a high ionic conductivity in excess of 1 mS cm™ at
room temperature and a wide electrochemical widow (~6 V vs. Li/Li*).!?

One of the formidable challenges is the large interfacial resistance between the garnet SSE and
cathode material due to the rigidity of ceramics.** Poor solid-solid interface results in a decreased
electrochemical contact area and insufficient interdiffusion of Li* ions, which leads to rapid
capacity fade and battery failure.? The use of liquid electrolytes (LEs) in small quantities has been
suggested as a possible solution either at the garnet SSE|cathode interface or as a component in the
quasi-solid hybrid electrolytes to improve ionic transport in bulk or at the interface.>%’® LEs can
effectively fill and penetrate through the pores of the cathode material and SSEs.® Moreover, LEs
could react either with the cathode to form the cathode-electrolyte interface (CEI) or with SSEs to
build the solid-liquid electrolyte interface (SLEI).'® The decomposition products at the SSE|LE
interface appears as an additional contribution to the overall battery resistance, representing a major
barrier to the implementation of hybrid solid-liquid batteries. SLEI also plays a significant role in
regulating interfacial stability and Li* transportation, and profoundly influences the morphology
and structural stability of electrodes.!! Therefore, a stable CEI and SLEI could minimize the
interfacial resistance and stabilize the Li* transportation between electrodes.'? To date, some works
have studied the composition and properties of SLEL!*!4!5 The consensus is that SLEI promotes
Li* transport at the interface and is closely linked to electrochemical performances.!®!*

Interestingly, Xu et al. highlighted the role of n-BuL.i as an additive in LiPFs EC/DEC (50:50 v/v%)
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that could retard the decomposition reaction of LEs and suppress the Li*/H* exchange at the
interface.'®

To better understanding the role of LE in impacting the SLEI evolution and SS-LMBs performance
during the cycling, therefore, we sought to elucidate the formation and stability of SLEI between
LissLaroBao.1Zr14TapsO12 (LLBZTO) garnet electrolyte and LiNipsMnosCo00202, (NMC 622)
cathode material with Scanning Transmission X-ray Microscopy (STXM) and X-ray Absorption
Spectroscopy (XAS). To the best of our knowledge, there is no report in the literature on the use of
STXM, a nanoscale chemical imaging technique, to examine the composition and working
mechanism of CEI and SLEI. We demonstrated that the coordination of CEI and SLEI stabilized
the interfaces during the charge/discharge process. Moreover, we further explored and analyzed the
formation, composition, and evolution of SLEI. The LE started to decompose and an ultrathin SLEI
formed after the first cycle. More LE decompose with cycle increase, leading to increased values
of total resistance and overpotential of the cell. The formation of SLEI functions similarly as well-
known solid-electrolyte interphase in Li-ion batteries, tending to suppress the decomposition of

LLBZTO SSEs and maintaining good conductivity within the cell.

5.3 Experimental section
5.3.1 Synthesis and characterization of garnet

Synthesis

Ba/Ta-doped garnet with the nominal composition of LissLaroBag1Zr14Taps012 (LLBZTO), was
prepared by conventional solid-state synthesis in air using stoichiometric amounts of the precursors.
The precursor materials were LiNO3 (99%), La;Os (99.99%), Ba (NO3)3 (99.5%), TaxOs (99.5%),
and ZrO; (99%) with a mass ratio of 38:36.4:2:10:13.8 were mixed by ball-milling (Pulverisette,
Fritsch, Germany) at 200 rpm for 6h in 2-propanol. All chemicals were from Alfa Aesar. An excess
of 10 wt.% LiNOs was added to the mixture to compensate for the Li,O volatilization during high

temperature treatment.
101



After ball-milling, the mixture was dried in an oven at 120 °C to remove 2-propanol followed by a
heat-treatment at 700 °C for 6h. The dried powder was ball-milled again in 2-propanol for 6h. The
dried samples were ground using a mortar and pestle until a fine powder was obtained without
agglomerations. Then the material was pressed into pellets using an isostatic press. The pellets were
covered with mother powder (excess amount of pristine powder) in an alumina crucible and were
sintered initially at 900 °C for 24h. Afterwards, the pellets were crushed, and ball milled. Finally,
the sample was ground into fine powders and pressed into pellets under 180 kN for 1 min followed
by annealing at 1100 °C/6h covered with the mother powder. The heating/cooling rate was kept at
10 °C min! for all the heat-treatments. Pellets were stored in an Argon-filled glove box to avoid the

formation of Li,COs.

Material characterization

The phase purity of garnet powder and electrolytes were identified using a Bruker D8 powder X-
ray diffractometer (PXRD) with Cu-Ka radiation. The morphology and elemental analysis of the

garnet surface was studied by scanning electron microscopy (Gemini 500) with EDX.

lonic conductivity of garnet electrolyte

Conductive Au-epoxy paste was painted using brush on both sides of a garnet pellet as blocking
electrodes (in ~5 um thick) and then it was cured at 700 °C for 1h in air. Electrochemical impedance
spectroscopy (EIS) was measured with an AC amplitude of 10 mV and frequency range from 10*
Hz to 0.1 Hz using a Solartron 1260 impedance analyzer. The EIS spectra were obtained from room
temperature to 141 °C. The size of the pellet was ~10.7 mm in diameter and ~1.3 mm thick. The
total ionic conductivity was calculated using o = L/RS, where L is the thickness of SSEs, R is the

total resistance from EIS plot and S is the surface area.

5.3.2 Cell assembly and electrochemical characterization

Cathode preparation
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To prepare the LiNigsMng2C00.0> (NMC 622) cathode laminate, NMC 622 powder, PVDF, and
carbon black were dispersed in 1-methyl-2-pyrrolidinone (NMP) at a weight ratio of 90:5:5 and
stirred using magnetic stirring overnight at room temperature. The slurry was coated on an
aluminum foil with an active material loading of about 3 mg cm™. The cathode was dried at 85 °C

under vacuum overnight to remove the solvent.

Li|garnet| LE[NMC 622 cell assembly

The Li foil was melted on one side of the garnet electrolyte pellet at 200 °C. Liquid electrolyte
made of 20 uL of 1M LiPFs in EC/DEC (50:50 v/v %) was added between garnet and NMC 622
cathode. The cell was assembled into a 2032-type coin cell. Galvanostatic cycling was performed
between 3 V-4.2 V at room temperature with different C rates using a Neware BTS4000 testing
station. In contrast, cells assembled without the addition of liquid electrolyte cannot be cycled due

to the large cell resistance.

5.3.3 Interfaces (CEI and SLEI) analysis

STXM sample preparation

The STXM samples were prepared using a Zeiss NVision 40 FIB-SEM by the same conventional
lift-out and thinning preparation methods for TEM samples. However, due to the thickness of the
layers (over 25 um), the extractions needed to be significantly taller than a typical FIB-prepared
TEM lamella, and this required extra clearance for a deeper undercut, a thicker top protection layer,
careful adjustment of the over-tilt angle during thinning, and extra care to reduce warping and hole
formation as the ion beam broadens over the longer distance of the sample height during thinning.
The porosity of the sample and dis-similar sputtering rates of the various phases also add to the
challenges of thinning these tall extractions. Thick support frames on the sides and bottom of the
lamella were utilized to help maintain structural integrity of the extraction. The thinning was

performed with the Ga ion beam acceleration voltage at 30 kV using milling lines of progressively
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smaller beam currents down to 40 pA. Final cleaning steps were performed with the ion beam
voltage at 10 kV and 5 kV using a glancing angle raster box with the stage tilted 8 degrees below

the tilt angle of the thinning step.

STXM data collection and analysis

Experiments were carried out using the ambient STXM at the 10ID-1 SM beamline of the Canadian
Light Source (CLS). The sample used in the experiment was a thin section of cathode electrode and
LLZO of 200 nm thick prepared by the FIB milling as being descript in the above session. Chemical
mapping was conducted by Principal Component Analysis-Cluster Analysis (PCA-CA) with the
open-source software aXis2000 (McMaster University, Canada). This method will identify natural
groups of spectra, and then calculate the average spectra and display the thickness maps associated

with these spectra.

5.4 Results and discussion

5.4.1 Material characterizations of garnet powder and pellet

PXRD pattern of the LLBZTO is presented in Figure 5.1, showing a good agreement with the
PXRD of LisLasNb,Oy, with a cubic structure (space group Ia3d) and no secondary phase. For
comparison, cubic garnet-type structured LisLasNb,Oi; is shown (PDF card No.: 00-045-0109).
Besides, there is no peak of Li»COs3 at 23 degrees, proving the absence of Li,COj3 on the surface of

LLBZTO."
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Figure 5.1. PXRD pattern of the final pellet.
The top view and cross-sectional SEM image and high-resolution EDX mapping of the LLBZTO
pellet are shown in Figure 5.2 and Figure A10.1. Figure 5.2(a) confirms good densification (the
average apparent density is 4.13 g cm™ as calculated in Table A9). A homogeneous distribution of

core elements for LLBZTO are observed in Figure 5.2(b-f).

Figure 5.2. (a) SEM for the surface of LLBZTO SSEs; and (b-f) EDX analysis of Ba, Ta, La, Zr,

and O elements.
5.4.2 Ionic conductivity of garnet electrolyte
The Nyquist plots of the Au|garnet|Au cell obtained at 24 °C -141 °C are shown in Figure 5.3(a).
The total resistance (R) can be calculated from the intercept of the low-frequency tail. The total
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ionic conductivity increases from 2x10*# S cm™! at room temperature to 6.27 X102 S cm™ at 141°C,
an impressive bulk Li* conductivity as reported previously.'® The temperature-conductivity
relationship can be expressed using an Arrhenius equation as plotted in Figure 5.3(b) and the
activation energy has been calculated from the slope to be 0.35 eV which is in the range of other

reported values for garnet-type SSEs. !
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Figure 5.3. (a) The Nyquist plots of Au|garnet|Au cell at different temperatures; and (b)
Temperature-dependence of Li ion conductivity in LLBZTO in the range of 24 °C -141 °C.
Fitting circuit is (R1ICPE1)(CPE2). R and CPE represent the resistor and the constant phase

element, respectively.

5.4.3 Cycling performance of Li|LLBZTO|LE|NMC 622 cell

Figure 5.4(a) delineates the cycling performance of the Li[LLBZTO|LE|NMC 622 cell at a current
density of ~0.05C (1C = 180 mAh g). The initial discharge capacity is ~168 mAh g with a 1%
cycle Coulombic efficiency (CE) of 90%. The specific capacity gradually decreases over cycling
maintaining a capacity retention of around 82% calculated from 28 charge/discharge cycles and the
cell failed at 29™ cycle. Charge/discharge profiles of the cell is presented in Figure 5.4(b) with a
working voltage at around 3.7 V. The electrochemical performance of the cell at higher current
rates is shown in Figure 5.4(c). The discharge capacity drops to 160, 153, and 146 mAh g' when
the current density is increased to 0.1C, 0.15C, and 0.2C, respectively.

The oxidation of carbonate solvents (especially EC) always causes impedance increase and battery

failure at a high operating voltage.?! An excellent initial CE after the 1% cycle reflects a stable Li*
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transportation between electrodes. The lower CE and much higher voltage polarization for 28
cycles with capacity decay suggest that larger resistance is developed at the electrode interfaces
because of the decomposition of electrolyte solvent.?! However, increased overpotential and total
resistance may be related to the formation of SLEI and CEI interfaces during the cycling process,

as discussed in later sections.'*
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Figure 5.4. (a) Cycling performance at ~0.05C; (b) Galvanostatic charge/discharge curves at
~0.05C; and (c) Rate performance at different C rates.

5.4.4 The formation of SLEI interface at different discharge states

To investigate the SLEI formation at the interface for different cycles of charge/discharge, two
slices consisting of LLBZTO pellets and NMC 622 cathode was extracted from the cell. The
extracted two slices were washed in DEC by dipping to remove the precipitation of electrolyte salts.
Furthermore, two thin sections containing NMC 622 and LLBZTO were lifted out along the
electrode thickness direction via FIB and were characterized via SEM. Slice 1 and slice 2 were
scrutinized at the discharged state after 1 (S_01) and 28 (S_02) cycles, respectively. There is not
LE residue in the opened cell, as confirmed in Figure S2. To identify the differences in

morphological features, cross-sectional view SEM images were taken over both slices.
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Figure 5.5. STXM and FIB-SEM images for NMC 622|LE|LLBZTO at the different charge states
of: (a-c) after 1 cycle: (c) is zoomed-in region marked by a white dotted rectangle from FIB-SEM
Figure 5.5(b); and (d-f) after 28 cycles: (f) is zoomed-in region marked by a white dotted
rectangle from FIB-SEM Figure 5.5(e).

S_01 and S_02 were analyzed by as shown in STXM in Figure 5.5 and XAS method to probe the
local chemistry for each region as indicated in Figure 5.6. In the STXM image with XAS spectra
for both slices, different colors represent different chemical phases with different oxidation states
of transition metal (TM) cations, accompanying with specific peaks for each colorful region. The
STXM image (in Figure 5.5(a)) labels the region of the secondary particle of NMC 622. The peak
at ~851 eV for SSE and region 2 (the interface between NMC 622 and SSE) is due to La Ms-edge
transition cations.*> Compared to the interface regions for S_01 and S_02, SSE has relatively higher
intensity of La elements. Specifically, the spectrum of F K-edge at ~691.4 eV is only shown in the

interface (numbered as region 2 in Figure 5.5(a)) where LE was added. We will get more insights
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into this interface in the Section 5.4.5. Then region 1 is claimed as the surface of the bulk NMC
622 cathode in contact with LE.

In Figure 5.5(b) and (c), the clear contrast difference on the surface of NMC 622 and secondary
LLBZTO particles (zoomed-in regions with arrows in Figure 5.5(c)) demonstrates that the
existence of SLEI and CEI (in Figure A10.2). A thin SLEI (~several nm thick) forms after the first
cycle of discharge. The growth and expansion of SLEI grew with increase of charge/discharge
cycles, as evidenced by a thicker SLEI on the surface of LLBZTO and even boundaries in Figure
5.5(d-f).

The core elements, Mn and Ni, of NMC 622 are visible in spectra of Figure 5.6(a), supporting the
distinguish of NMC 622 in Figure 5.6(a). In Figure 5.6(b), F K-edge at ~691.4 eV is identified in
region 1 that might be attributed to the decomposed product of LE at the current collector side as
supported by Figure A10.3.2*%* The specific peaks of Mn Ls-edge (at ~633 eV) and Ni L-edge (at
~853 eV) confirms the presence of NMC 622 secondary particles as highlighted in Figure 5.5(c).
A careful comparison of Mn L3 and Ni L3 between NMC after 1 cycle and NMC after 28 cycles
shows the reduction of Mn and Ni in NMC after longer cycling. Reduced elements indicate that the

structural change is caused by electrochemical cycling.?
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Figure 5.6. XAS spectra of O, Mn, F, La, Ni in different regions extracted from STXM results
for: (a) S_01; and (b) S_02.
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5.4.5 Components and mechanism analysis of the SLEI

To investigate the components of SLEI, XAS analysis was performed for S_01 and S_02 as plotted
in Figure 5.7. The comparisons of chemical elements among interfaces in both slices help trace the
composition of SLEI. Specific photon energy of O 1s at ~533 eV featured a sharp peak as shown
in the interface of Figure 5.7(a) and (b), could from trace water of LE and during sample
preparation. A good matching of standard LiF peak in Figure 5.7(c) suggests (F K-edge at~691.4
eV) that a more abundant LiF distributes in SLEI. Moreover, small LiF peak on the surface of
LLBZTO verifies the wettability of LE on SSEs and decomposition of LiPFs happened even after
1 cycle. On the other hand, a higher signal of LiF in SLEI after 28 cycles (in Figure 5.7(d), F K-
edge) reveals that more LiF species precipitate with increased cycles. The peak at ~851 eV in Figure

5.7(e) and (f) proves the existence of La** species in SSE.
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Figure 5.7. Detailed comparison by XAS analysis for SLEI at different discharge states of S_01
and S_02 among consecutive series of: (a-b) O K-edge; (c-d) F K-edge; and (e-f) La My-edge.

The known LiF formation reactions from decomposition of LiPFs-based LEs are:
LiPFs + H,O = LiF + POF; + 2HF*

LiPF¢ > LiF + PFs**
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The generated LiF layer will continue to grow until it is thick and dense enough to prevent the
internal SSEs from further attack by LE.!* In addition, oxygen (not fluorine) is enriched in the
interfaces, in which the results validates the presence of oxides (e.g., Li,O) at the interface.?® This
claim further evidenced by the absence of the peak around 531 eV (corresponds to Li»O» formation)
in Figure 5.7(a) and (b) of O K-edge.

Small quantities of LE at the SSE|cathode interface that penetrate into SSEs can function as an
ionic conduit for fast Li-ion transfer kinetics. LiPFs tends to decompose to LiF, which could
penetrate through the LLBZTO pellet. This trend signifies that dissociated LiF as a contributor to
evolve denser and thicker SLEI during the cycling process. One characteristic of LLBZTO is its
decomposition when in contact with LE. When LLBZTO garnets are in contact with LE, a SLEI
may form due to electrolyte decomposition.'* Decomposed La** arises from LLBZTO
agglomerated on the surface and tends to diffuse into SLEI Besides, La* may have reacted with
the LE and is oxidized to produce LaF; and La>O3 in SLEI. These poor Li-ion conductors (e.g.,
La;0s) in the SLEI might increase interfacial resistance over time.’ Strong Lewis acids possibly
activate decomposition reactions in the SSEs, such as Li ions.?’

The schematic in Figure 5.8 depicts a possible SLEI formation and evolution process
accompanying with LE depletion during the cycle life. As illustrated in Figure 5.8(a), LE spreads
to wet the surface of LLBZTO SSEs and enhances the interfacial contact with the NMC 622 cathode
after cell assembly. Additionally, uneven surfaces on the SSEs become relatively flat when LE is
immersed into micro voids. In Figure 5.8(b), after the first cycle, LiPFs decomposes to LiF, and
LiF in turn sustains on the SSE to participate in the preliminary SLEI construction. In addition,
LLBZTO is unstable and has a tendency to dissociate upon contact with LE.”® Released La*
oxidizes on the surface of the LLBZTO particle and participate in the evolution of SLEI. Figure
5.8(c) exhibits the SLEI grows and expands along the whole grain boundaries of SSE after 28

cycles. Note that LE completely dries that suggests a transformation in the dominate compositions
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of the SSE|cathode interface. Increased LiF and Li»O validates higher contents of inorganic species
in a thicker SLEI that enables better interface compatibility and long-term battery cycling. Finally,
SLEI consisting of fluorides, La,Os, LaF3, and Li>O plus LE decomposition residuals ensure a

contact at SSE|cathode interface.

(b) (c) d LiF
(@) Nwc 622 cathode [7 LaF,

Liquid electrolyte LiZO
SLEI
- LLBZTO f
[ Grain article e , LIZCOS
boundary
— LE penetrated

— SLEI growth

LE decomposition
residuals

Figure 5.8. Schematic that illustrates the formation and expansion of SLEI: (a) Added LE
effectively wetted the LLBZTO|NMC 622 interface after cell assembly; (b) LE remained at the

interface after 1 cycle; and (c¢) LE exhausted and a thicker SLEI build-up after 28 cycles.

5.4.6 The reaction between LE and NMC 622 after 1 cycle

According to Figure 5.5(a), regions 1 are supposed to be where the LE contacts and reacts with
near-surface NMC 622 secondary particles. In Figure 5.6(a) the O K-edge spectra at ~528.5 eV in
NMC 622 region corresponds to the Ni** 3d-O2p hybridized state. A relatively broader peak at
~530 eV could be attributed to the Mn*" 3d-O2p hybridization. The peak at ~532 eV arises
primarily from the Mn** and Ni** 3d-O2p and indicates Mn** and Ni** in the pristine NMC622 was
reduced at the surface after 28 cycles. In the interface, the sharp peak at ~533 eV indicates the
existence of oxygen species in this region. It could be assigned to O 1s to w* (C=0) transition
because no significant amount of 3d transition metal is detectable in this region, which is
contradicted to that in region 1 in Figure 5.5.%° The existence of * (C=0) transition indicates the
presence of carbonate in SLEL>*°

Surface etching starts at the beginning of cycling and tends to take place along the grain boundary
of the NMC 622 particle.’! The primary grains of the NMC particle are closely packed but one

obvious crack where one arrow pointed out in Figure 5.5(a) appears along the middle line of the
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secondary NMC 622 particle. The morphology change of the cathode surface indicates a reaction
with the LE and the formation of a CEL

Propagated cracks may induce to inhomogeneous lithiation/delithiation and result in battery
failure.® The larger intensity of O K-edge in the interface of SSE[NMC 622 in Figure 5.6(b)
corresponds to more oxides produced during the cycling process.?**** The poor oxidation stability
of 1M LiPFs in EC/DEC may cause more LE to remain in the cathode interphase.®

Figure 5.9 compares the different composition of the bulk NMC 622 and near-surface regions after
1 cycle. Figure 5.9(a) indicates the transition state of core elements in NMC 622, Ni and Mn, with
O elements. Specifically, F (bump of slope feature at ~685 eV) can infiltrate into the secondary
NMC 622 and trigger the formation of transition metal fluoride (TM-F) in Figure 5.9(b).*>* The
permeation of LEs into the cathode material would retard the serious reduction of Mn* and
suppress the voltage fade.” This describes that TM-F bonds can not only raise the energy barrier
of the EC ring-opening reactions, but positively affect the electrochemical performance of the NMC

with EC-based electrolyte.’” Core elements of NMC 622 are also visible in Figure 5.9(c) and (d).
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Figure 5.9. Detailed comparison by XAS analysis among NMC region: (a) O K-edge; (b) F K-
edge; (c) Mn Ls-edge; and (d) Ni L-edge.

5.5 Conclusions

Our work has studied the role of small quantities of LiPFs-based liquid electrolytes at the interface
between garnet SSEs and NMC 622 cathode. We firstly conducted high resolution STXM with the
XAS analysis to explore this interface after different cycles. The results verified the formation of a
SLEI at the solidified interface resulting from the decomposition products of the LE. SLEI began
to be established after the first cycle and became thicker during cycling process. No residual LE
was found by visual inspection at 28 cycles of the cell. A SLEI dominantly consists of LiF, LaF3,
Li,COs;, and Li,0.

The battery failure after 28 cycles might be mainly attributed to the LE decomposition during the
cycling process. Possible inhomogeneous contact between the SSE and the cathode could result
from the LE decomposition. Furthermore, the contact loss at the interface may be responsible for
the high internal resistance of the cycled battery. In the future work, to maintain sufficient contact
at the SSE|cathode interface, it is essential to investigate the proper amount of LE addition that
would minimize the interface resistance at the same time. Additionally, further optimizations of LE
(e.g., high salt/solvent molar ratio or with additives) are required to improve the chemical stability
of SLEL**** Hence, we believe that the hybrid electrolyte approach to form a more robust SLEI
could resolve the interfacial issues and enable a long-term performance of solid-state lithium metal

batteries.
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Chapter 6
Elucidating the origins of rapid capacity fade in hybrid garnet-based

solid-state lithium metal batteries

This chapter has been adapted from a research paper published in Journal of Physical Chemistry C

(doi: 10.1021/acs.jpcc.3c05419).

6.1 Abstract

Hybrid solid-state lithium metal batteries (SS-LMBs) incorporate small amounts of a liquid
electrolyte (LE) to overcome interfacial instabilities between cathodes and solid-state electrolytes.
However, hybrid SS-LMBs suffer from a rapid capacity fade after few cycles that are not yet fully
understood. Here, to shed light on this phenomenon and mechanism, we report the use of ex sifu
post-mortem analysis of Li|LissLasoBao.1Zr; 4Tao6012|LE|LiNigsMn2C0020, (NMC 622) cells by
scanning transmission X-ray microscopy (STXM) combined transmission with ptychography and
X-ray absorption spectroscopy (XAS). We find that the mechanism is complex and that
microstructural and chemical phase changes, oxygen vacancies formation associated with transition
metal dissolution, as well as contributions from the cathode-electrolyte interphase (CEI) and solid-
liquid electrolyte interphase (SLEI) play a key role in the deterioration of battery performance of
hybrid SS-LMBs. We expect that our findings will help advance the development of hybrid SS-

LMBs by further optimization of the liquid and solid electrolyte formulations and cell structure.

6.2 Introduction

Growing demand for energy storage in electronics and transportation have sparked widespread
research in solid-state lithium metal batteries (SS-LMBs) as a safer and higher energy density
alternative to conventional Li-ion batteries. Substituting an inorganic solid-state electrolyte (SSE)

for an organic liquid electrolyte (LE) removes the risk of flammability even at elevated
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temperatures. Garnet (LizLa3Zr,O12, LLZO) is chemically stable towards metallic Li.'? A tiny
amount (uL) of LE is added as the cathode interfacial layer to improve the interfacial contact while
an in situ solid-liquid electrolyte interphase (SLEI) as a result of the reaction between the LE and
the SSE during the charge/discharge process.>67:8%:10

SS-LMBs are projected to perform with improved energy density, especially when coupled with
high capacity (200 mAh g'-250 mAh g') cathodes (e.g., LiNijxyMnsCoyO>, 1-x-y=0.5, NMC).
Likewise, NMC cathodes go through considerable capacity degradation especially when being
cycled at high voltages (>4.2 V versus Li/Li*).!"'? In the case of NMC in liquid Li-ion batteries,
various mechanisms have been identified, such as surface chemical instability, mechanical
destruction, transition metal (TM) dissolution, and side reactions between the cathode and
LEs.!2131415 These inherent drawbacks, in combination with one another often lead to cell
degradation and safety hazards. Additionally, the surface of NMC particles undergoes a phase
transformation, typically accompanied by oxygen loss and a volumetric change in the lattice
structure.'®!” In comparison, the dominant causes of capacity loss in SS-LMBs are insufficient
interfacial contact and large polarization at the SSElelectrodes interface.'® Small elastic
deformation of SSEs results in non-uniform accommodation of NMC cathode volume change
during Li-ion extraction/re-insertion.!® The micro stress created during cycling causes mechanical
and structural cracking to the cathode materials (e.g., cracking).?’ Compared to LEs, SSEs cannot
“infiltrate” into the cracks because of the slower kinetics of Li-ion diffusion, which leads to severe
battery failure even at low cycling rates.* Besides, the robust and conformal in situ formation of a
cathode electrolyte interphase (CEI) is another critical factor in stabilizing the NMC performance
and hindering the side reactions with electrolytes during cycling.?!*?

However, in the hybrid system, the formation of SLEI introduces extra complexity to distinguish

the influences of interfacial stability on the cathode performance. Furthermore, it is vital to

simultaneously monitor the microstructural and chemical phase change in the NMC particles and
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correlated them to any battery performance degradation. To the best of our knowledge, there has
been no systematic investigation of the capacity deterioration (capacity retention <80%) in the
hybrid SS-LMBs using NMC cathodes. In this work, for the first time, scanning transmission X-
ray microscopy (STXM) associated with ptychography and X-ray absorption spectroscopy (XAS)
were applied to qualitatively evaluate the capacity fade in a hybrid garnet-based SS-LMB with the
LiNio6sMno6C0020> (NMC 622) cathode at the nanoscale. The high-resolution STXM
ptychography visualizes the microstructural evolution in the secondary and primary particles at
different discharged states. In addition, using the direct principal component analysis (PCA) map
of the phase distribution and XAS spectra for the NMC 622 particles, we disclose the chemical
heterogeneity of TMs from the bulk to the particle edge and oxygen vacancies penetration into the
primary particles. Furthermore, we hypothesize that another key factor in the capacity decay could
be the formation of chemically resistive CEI and SLEI layers, corresponding to increased interfacial
resistance of SSE|[NMC 622 and cell overpotential. Our work highlights the role of the cathode in

the hybrid SS-LMBs, revealing the mechanism underlying the poor cycling performance in the cell.

6.3 Methods

6.3.1 Li|garnet| LE|[NMC 622 hybrid cell assembly and electrochemical characterization

The detailed preparation of the garnet electrolyte (thickness = 0.8 mm, diameter = 11 mm) has been
reported elsewhere.® To make the NMC 622 cathode, a mixture of NMC 622 powder, PVDF, and
carbon black was combined at a weight ratio of 90:5:5. The mixture was stirred using magnetic
stirring overnight at room temperature in 1-methyl-2-pyrrolidinone (NMP). Subsequently, the
resulting slurry was applied onto an aluminum foil with an active material loading of approximately
3 mg cm™, followed by vacuum drying at 85 °C overnight to eliminate the solvent. The film was
used without any calendaring process. The Li foil was applied to one side of the garnet pellet at
200 °C. 20 uL of the commercial liquid electrolyte (1M LiPFs in EC/DEC, 50:50 v/v %) was added

to wet the interface between the garnet and the NMC cathode. The cell was assembled into a 2032-
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type coin cell. Galvanostatic cycling was carried out between 3 V to 4.2 V voltage window at room

temperature with various C rates by a Neware BTS4000 testing station.

6.3.2 STXM sample preparation and X-ray ptychography analysis

Briefly, the same lift-out and thinning preparation approaches for TEM samples were used to
prepare the STXM samples (Zeiss NVision 40 FIB-SEM). STXM experiments were performed
using the 101d-1 SM beamline (under a vacuum pressure of 102 mbar) of the Canadian Light
Source (CLS) at conventional transmission and ptychography mode with a higher spatial resolution
of 10 nm. The X-ray beam is focused by a Fresnel zone plate (ZP) into a tiny spot that passes
through an order sorting aperture (OSA) to choose the first order diffracted light and filter out the
stray light. The beam is further irradiated on the sample at the focal point of the zone plate.
Convention STXM was collected by a photomultiplier tube (PMT) to form a pixel in a 2D image
which is realized by a raster scan of the sample. Ptychography STXM was gathered by recording
X-ray scattering images of samples using a CMOS or CCD detector.”® To extract the chemical
phases and their associated transmission soft-XAS spectra, the built-in principal component
analysis (PCA) module of the open-source software aXis2000 (Adam P. Hitchcock group,

McMaster University) was used.

6.4 Results and discussion

6.4.1 Cyling performance of Li|garnet| LE[NMC 622 hybrid cell

The performance of the Li|garnet| LE[NMC 622 hybrid cell has been verified and the cell shows an
initial discharge capacity of ~168 mAh g with a 1st Coulombic efficiency of 89.9%) in Figure
Al1.1, is similar to what has been reported previously.® After 28 charge/discharge cycles, the cell
indicates a capacity retention of ~82% while the Coulombic efficiency remains at ~100%. It should
be noted that the Coulombic efficiency is marginally greater than 100% in many cycles. While the

exact reason is unclear, side reactions leading to excess discharge capacity, or measurement errors
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are possible reasons for this observation. Although various degradation factors have an impact on
the cell resistance increase, in this work, we specifically focus on the NMC degradation phenomena

and mechanisms upon cycling.

6.4.2 Microstructural evolution of discharged NMC 622 after cycling

The hybrid cells were disassembled after cycling and electrodes were recuperated. Two thin slices
from two cells (cycled after 1 and 28 times) were lifted out by FIB along the cathode thickness
direction. Microstructural characterization was carried out using FIB-SEM and high-resolution
STXM, which reveals the presence of micro-cracks in both slices (designated NMC_01 and
NMC_28). Yellow arrows in Figure 6.1(a)-(b) show a void that appears to be traveling through the
spherical-shape secondary particle (consists of agglomerated primary particles) as well as cracks
(in Figure Al1.2(a)) and may have developed during the fabrication of the cathode laminate.
Moreover, as white arrows indicate in Figure 6.1(b) as well as Figure A11.2(b), the degree of
cracking gradually declines away from the outer surface and the cracks propagate into the central
regions of the secondary particle. One assumption of this microstructural damage at the particle
level (associated with Figure A11.2(a)-(b)) could be produced during the synthesis before long-
time cycling.?* In particular, the particles stacking and forming localized stress would be higher for
a high-loading and thick electrode.” As a result, the NMC cathode has cracked or even fractured
into isolated and/or deactivated primary particles from the conducting network, resulting in a
capacity loss in the first few cycles. Therefore, a certain cathode loading is required to suppress the
particle cracking and fracture.? Single-crystalline structures of the NMC particles and atomic layer
deposition coating are normally recommended in raw powders for cathode fabrication to minimize
this effect.?*?’” However, in this case when the cell was disassembled, the electrode coating detached
from the current collector, which suggests a micro-delamination may have already occurred.

The 1-cycled primary particles show no obvious cracks (in Figure 6.1(c)). In contrast, as seen in
Figure 6.1(d)-(e) and Figure A11.3(a)-(b), no large porosity is observed in the secondary particles
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from NMC_28. However, as specified by the white arrows in Figure 6.1(e), some narrow
intergranular gaps initiate from the particle surface and spread along the grain boundaries into the
interior of the particle. In the core region (in Figure 6.1(e)), more micro cracks were observed
between differently oriented primary particles. The primary particles in the central regions exhibit
more random crystal orientations compared with those in the outer surface, causing more non-
uniform deformations and micro-cracks.?®* Poor electrochemical contact among primary particles
can consequently deteriorate cell performance.” Additionally, primary particles are developing
some intragranular cracks, as shown by yellow arrows in Figure 6.1(f). These microcracks may
have formed as a synergetic result of ongoing oxygen losses, internal micro-strain, and anisotropic

volume fluctuation during Li extraction/re-insertion.*!
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Figure 6.1. FIB-SEM and STXM images of NMC 622 secondary particles after different cycles.
(a) Top-view NMC 622 secondary particles after 1 cycle. (b) Cross-sectional view NMC 622
secondary particles after 1 cycle. (c) Zoomed-in view of cross-sectional NMC 622 secondary
particles from Figure 6.1(b) using high-resolution STXM. (d) Top-view NMC 622 secondary

particles after 28 cycles. (e) Cross-sectional view NMC 622 secondary particles after 28 cycles.
(f) Zoomed-in view of cross-sectional NMC 622 secondary particles from Figure 6.1(e) using

high-resolution STXM. The “surface” as specified in Figure 6.1(c) and (f), is the regions around
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the outer edge of cross-cut secondary particles. The exposed regions after FIB lift-out correspond

to the internal bulk NMC 622.

6.4.3 Chemical phase evolution of discharged NMC 622 after cycling

To access the local chemistry in the bulk of secondary particles, STXM together with PCA was
performed for both slices. Obtained STXM and XAS results for NMC_01 are displayed in Figure
6.2. Different colors (the right image in Figure 6.2(a)) reflect different chemical phases with
different oxidation states of TM cations, correlating to specific peaks for each colorful region
(Figure 6.2(b)). In Figure 6.2(c), the peak intensity of oxygen absorption is substantially different
at the surface (red areas) and the bulk (green areas). The peaks of O K-edge at ~528.5 eV (Ni**3d-
O2p) and ~530 eV (Mn**3d-O2p) almost vanish for the outer surface, indicating significant oxygen
loss and the creation of oxygen vacancies on the particle surface. The lower Mn L3 intensity (in
Figure 6.2(d)) for the red spectrum further suggests that some surface Mn** species are reduced and
both Mn?** (at ~643 eV) along with Mn** species (at ~641 eV) exist. The specific peak of F K-edge
at ~691.4 eV can be assigned to LiF species from LE decomposition in the first cycle, as depicted
in Figure 6.2(e), which exclusively originates at the surface region (including the exposed surface
along the porosity). This result proves that the added LE can easily wet the cathode surface during
the first cycle and penetrate the bulk region through the pores. In other words, the defective cathode
directly exposed the particle surface to the LE and exhibited decreased TM contents.'? As clearly
observed in Figure A11.4, the Ni Ls-edge and Mn Ls-edge signal are detected at the interface
between the garnet and the NMC 622 cathode, suggesting that the NMC cathode leaches out TMs
after the initial cycle and would result in early-stage capacity attenuation. Figure 6.2(c) depicts a
low-intensity peak O K-edge at ~533 eV (Ni?**3d-O2p) inside the particle, which is matched by a
low value of the Ni La/L; ratio in Figure 6.2(f). Both signatures show a decrease in the Ni valence

state at the NMC 622 surface region after 1 cycle.
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Figure 6.2. (a) STXM image and PCA map for the NMC 622 secondary particle from NMC_01.
The “surface” is the regions around the outer edge of cross-cut secondary particles after 1 cycle
(including the exposed surface along the porosity). The exposed regions after FIB lift-out
correspond to the internal bulk NMC 622 as pointed out in Figure 6.2(a). (b)-(f) Comparison of
the XAS spectra of (b) wide survey; (c) O K-edge; (d) Mn Ls-edge; (e) F K-edge; and (f) Ni L-
edge, respectively, at the surface and bulk regions of the secondary particle as distinguished by

the red and green colors in Figure 6.2(a).
Figure 6.3 shows the microstructural morphology of the 28-cycled secondary particle (STXM
image in Figure 6.3(a)) and its local chemical distribution probed by XAS results (wide spectra in
Figure 6.3(b)). A greater peak intensity of O K-edge at ~533 eV (in Figure 6.3(c)) indicates that
more Ni>* species exist on the particle surface after 28 cycles, which is consistent with continuous
oxygen loss from the bulk (green areas) to the surface (orange areas). With a higher Mn L3 intensity
for the orange spectrum in Figure 6.3(d), Mn** with reduced Mn** (high peak at ~643 eV) and Mn**
(low peak at ~641 eV) species are primarily maintained in the bulk region. As the cycle increases,
more decomposed LE products, including Li»O, Li»COs, and LiF species are visible on the surface.
LiF species (F K-edge at ~691.4 eV) are detected in the bulk region (in Figure 6.3(e)), probably
due to LE localized decomposition in the fractured cathode particle. The signal of Ni L-edge in
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Figure 6.3(f) is not apparent on the surface, which may be because the focused region consists of

the SSE|[NMC 622 interface.
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Figure 6.3. (a) STXM image and PCA map for the NMC 622 secondary particle from NMC_28.
The “surface” is the regions around the outer edge of cross-cut secondary particles after 28
cycles. The exposed regions after FIB lift-out correspond to the internal bulk NMC 622 as

pointed out in Figure 6.3(a). (b)-(f) Comparison of the XAS spectra of (b) wide survey; (c) O K-
edge; (d) Mn Ls-edge; (e) F K-edge; and (f) Ni L-edge, respectively, at the surface and bulk

regions of the secondary particle as distinguished by the green and orange colors in Figure 6.3(a).
Accompanied by the TM dissolution, the formation of the CEI after the initial cycle may block the
Li-ion transport onto the surface, facilitating the surface degradation of the cracked cathode.*?
Besides, cracked cathode particles cannot maintain the CEI integrity; more LE thereby would be
consumed to regenerate it. A thick CEI would decrease the ionic conductivity and simultaneously
increase the interfacial resistance of the Li-ion re-insertion into the particle surface, leading to
increased overpotential and total cell impedance. Capacity degradation could occur as a combined

consequence of a net reduction reaction and crystal structural damage.'? In terms of the cycling

performance, a relatively low value of the 1* Coulombic efficiency (~90% as reported previously)
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represents the irreversible capacity loss upon the early-stage cycling primarily owing to the
formation of the chemically resistive CEL°

The consensus from literatures suggests the oxidation state of Ni almost remain homogeneous in
the pristine NMC 622 particles from the surface to the bulk.****333¢ To examine the distribution of
chemical phases in the secondary particles from NMC_01, STXM combined with PCA
qualitatively distinguished between Ni** rich areas (green) and Ni** rich areas (red) in Figure 6.4(a)-
(b). Most primary particles are rich in Ni**; while minor particles are passivated by Ni**. More Ni**
species distribute along the exposed surface of the porosity, as supported by a higher-intensity peak
of the Ni**3d-O2p (at ~533 €V) in Figure 6.4(c). This finding suggests that some primary particles
are initially over delithiated and not restored to their fully lithiated state after 1 cycle, indicating
the poor cycling stability and increased overpotential of the NMC 622 in the hybrid system.*?
Additionally, the chemical phase heterogeneity and the evolution of the internal strain might have

exacerbated microstructural changes in the electrode %
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Figure 6.4. (a) STXM image for the large porosity from NMC_01. (b) PCA map with the Ni
local element distribution for the same region in Figure 6.4(a). (c) XAS spectra of O K-edge in
the distinguished regions from Figure 6.4(b). Cluster 1 is the spectrum for the exposed surface

along the porosity. Cluster 2 is the spectrum for the bulk regions.

6.4.4 Heterogeneous phase distribution of discharged NMC 622 after 28 cycles
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The bulk 1-cycled NMC shows homogeneous TM and TM-O distribution in Figure 6.1(a) and thus
no further PCA is required. The STXM image with PCA map and the XAS spectra in Figure 6.5
display clear differences in chemical phase distribution inside the particles from NMC_28. XAS
results from repeated STXM (Figure A11.5) demonstrate that there is no apparent radiation damage
to the garnet and NMC particles. STXM imaging under specific X-ray energy can map out
elemental distribution (i.e., more elements in the darker black regions in a ptychography STXM
amplitude image). The bulk particles (represented by the darkest color in Figure 6.5(a) and the red
color in Figure 6.5(b)) exhibit the highest-intensity peaks of both Mn**3d-O2p and Ni**3d-O2p in
Figure 6.5(c). Reduced TM contents signify a considerable amount of oxygen loss in the primary
particles that are agglomerated at the particle surface (cluster 3), which corresponds to the lowest
signal of TM-O peaks in the blue region in Figure 6.5(b).

As illustrated in Figure 6.5(d)-(f), the greatest signal of TM-F (F K-edge at ~686.4 eV) and LiF (F
K-edge at ~691.4 eV) peaks are visible at the cathode surface (especially concentrated on cluster
4). TM-F tends to accumulate at the cathode surface and diffuse into the cathode lattice in prolonged
cycles.? The production of TM-F may increase the energy barrier for the EC ring-opening process
and deteriorate the cell performance at prolonged cycles.?® Furthermore, continuous oxygen loss
produces results in the preferential TMs reduction and oxygen vacancies formation along the
cracks.*>*! The probability of parasitic reactions is increased by these fractured primary particles
processing enlarged surface areas. Interestingly, grain-boundary regions between adjacent primary
particles are quite clear, and more oxygen is released at the surface of the secondary particles
(thickness of ~50 nm).

As supported by the darkest color in Figure 6.5(g), the Mn Ls-edge peak in cluster 1 of Figure 5(h)
has the maximum intensity in Figure 6.5(i), which confirms that the Mn species was kept in a high-
oxidation state (Mn**) in the bulk after 28 cycles. The Mn species in several primary particles are

partially reduced at the surface and diffuse between the nearby particles, as implied by the lack of
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visible grain boundaries observed in the green regions (cluster 2 in Figure 6.5(b)). As a result, the
Mn reduction is concentrated at the outer particle surface (cluster 3 in Figure 6.5(h)), which also
supports that oxygen release occurs simultaneously. The STXM in Figure 5(j) and PCA map in
Figure 6.5(k) show that Ni*/Ni** species are heterogeneously distributed in the primary particles
close to the particle edge. According to a low-intensity peak of the blue region in Figure 6.5(1), Ni*
species aggregated at the surface are progressively reduced, which is accompanied by the creation
of more oxygen vacancies that penetrate the individual primary particles. Compared with the
surface and the outer edge regions, the Ni L3-edge spectrum of the bulk exhibits a ~0.3 eV edge
energy shift toward higher energy, which reflects an oxidation increase for Ni. A higher peak
intensity ratio of Ni**/Ni** indicates that the surface region has a deeper delithiatation level than
other areas, corresponding to a serious delithiation heterogeneity in the 28-cycled cathode.

The lower oxidation state of the Ni at the outer surface may be due to more Mn being reduced here
after 28 cycles, as evidenced by a high-intensity peak of cluster 2 in Figure 6.5(e). This allows Mn
to compensate more charge during the delithation process, whereas less charge compensation is
required from Ni cations. Based on these results, it is possible that the major oxygen release forms
around Ni and that its reduction is more irreversible than Mn. We hypothesize that in the relatively
short-term cycling, primary particles that had agglomerated at the outer surface had been over
delithaited due to the LE attack and decomposition mainly after 1 cycle. Ni migration did not
happen during the lithiation process in prolonged cycling.** Additionally, progressive oxygen
release is invariably linked to the surface phase transformation and disordering of TM cations,
which are related to irreversible capacity loss.!” By accommodating lattice variation between
neighboring primary particles, cation disordering may accelerate the generation of oxygen vacancy

at the same time.*
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Figure 6.5. Ptychography STXM and XAS analysis of 28-cycled cathode from NMC_28 (a)
Ptychography STXM amplitude image at the TM-O K-edge. (b) Elemental distribution mapping
from Figure 6.5(a). (c) XAS spectra of the TM-O K-edge. (d) Ptychography STXM amplitude
image at the F K-edge. (e) Elemental distribution mapping from Figure 6.5(d). (f) XAS spectra of
the F K-edge. (g) Ptychography STXM amplitude image at the Mn Ls-edge. (h) Elemental
distribution mapping from Figure 6.5(g). (i) XAS spectra of the Mn Ls-edge. (j) Ptychography
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STXM amplitude image at the Ni Ls-edge. (k) Elemental distribution mapping from Figure 6.5(j).
(1) XAS spectra of the Ni Ls-edge. The “surface” as specified Figure 6.5(a), (d), (g) and (j) is the
regions around the outer edge of cross-cut secondary particles. The exposed regions after FIB lift-

out correspond to the internal bulk NMC 622.

6.4.5 SLEI effects in discharged NMC 622 after cycling
For NMC_01, XAS results from the STXM (Figure 6.6(a)) and the specific photon energy of O K-

edge in Figure 6.6(b) has a sharp peak at ~532.5 eV. A high-intensity peak signal at the interface
suggests that oxygen is enriched between garnet and NMC 622, majorly resulting from the LE
decomposition after the initial cycle. The generation of HF is known to occur from LE
decomposition, and the presence of H* causes TM dissolution by attacking the cathode surface.'
The identical peak intensities for the cathode surface and interface regions in Figure 6.6(c) provide
evidence that La species dissolve from the garnet when in contact with LE. After 28 cycles, the
SLEI on the garnet surface thickens and becomes increasingly enriched with decomposed LE
byproducts (such as Li»O and Li,COj species) (as interpreted from the STXM and XAS spectra in
Figure 6.6(d)-(f)). An increased value of the ratio O/La OD intensities (in Figure 6.6(g)-(h)) suggest
that La species may re-deposit onto the SSE surface during the 1 cycle. Diffused La** species were
maintained at the interface region; whereas less La** (a lower peak intensity indicated in Figure
6.6(f)) was dissociated from the garnet during the cycling, as confirmed by a higher value of the
O/Laratio for NMC_28 (in Figure 6.6(g)-(h)). The fact that no detected La Ms-edge signal in Figure
6.2 and Figure 6.3 proves that no decomposed La** from the SSE reaches the surface of the NMC
cathode. Interestingly, TMs species are visible at the surface of SSE (in Figure A11.6). Such a
chemically resistive SLEI with dissolute TMs would increase the interfacial resistance and partially

affect the cathode performance.
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Figure 6.6. Comparison of STXM and XAS spectra between NMC_01 and NMC_28 (a) STXM
image of NMC_01 (b)-(c) XAS spectra obtained from Figure 6.6(a) (including the surface and
bulk regions) of O K-edge and La Ms-edge. (d) STXM image of NMC_28. (e)-(f) XAS spectra

obtained from Figure 6.6(d) of O K-edge and La My-edge. (g) Comparisons of XAS spectra in O
K-edge. (h) Comparisons of XAS spectra in La Mys-edge. The red spectra are for NMC_01 and

the navy-blue spectra are for NMC_28 in Figure 6.6(g)-(h).

6.5 Conclusions

In conclusion, we investigated the origin of the rapid capacity fade of Li|Lis sLa>oBao.1Zr; 4TaocO12

(LLBZTO) garnet|LE|LiNigsMno>C0020, (NMC 622) cathode hybrid SS-LMBs. The ex situ post-
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mortem STXM study of cycled NMC 622 electrodes provided direct evidence for the existence of
large voids in the NMC 622 secondary particles. We hypothesized that the voids worked as an open
channel for LE to infiltrate the cathode, causing a decrease in TM contents and increased cation
dissolution. More importantly, the defective cathode cannot maintain its structural and chemical
stability leading to a capacity loss at the early-state of battery cycling. We also found that oxygen
release occurs after the first cycle causing a heterogeneous Ni**/Ni** phase distribution in the
secondary particles. Besides, upon further cycling, the anisotropic volume change of NMC lattice
and continuous oxygen loss initiate many intragranular cracks. It is supported by STXM with PCA
map that the main oxygen release occurs around Ni and penetrates the bulk of the primary NMC
622 particles. In the meantime, the formation of a chemically-resistive SLEI with dissolute TMs
and TM-F species on the cathode surface may block Li-ion re-reinsertion sites and eventually
results in capacity fade. We believe that further optimization of LE and cathode design are essential

to improve the overall performance of NMC cathodes in the hybrid SS-LMBs.
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Chapter 7
Concentrated precipitation electrolyte for reviving ultrathin lithium

metal anode

This chapter has been adapted from a research paper submitted to the Journal of Power Sources.

7.1 Abstract

Realizing high-performance lithium metal (Li%) batteries requires the presence of a robust solid-
electrolyte interphase (SEI) on the Li° surface that forms before or during operation. Herein, high
concentrations of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium nitrite (LiNO3)
are employed to create a novel concentrated precipitation electrolyte (CPE) and form an inorganic-
rich SEL It is found that an ultrathin Li° anode (thickness of 25 um) in the CPE remains highly
reversible over 300 cycles with an average Coulombic efficiency (CE) of 97.21% in an asymmetric
CulLi cell. The CPE enables superior stability to the LiFePO4 cathode at a high mass loading of
~15 mg cm™ and reaches a capacity retention of 82.8% after 100 cycles with an average CE of
99.94%. This study elucidates the mechanism of both LiTFSI and LiNOs in enhancing the
physiochemical properties of the SEI surface layer. It is believed that this design concept and the

findings can be broadened in optimizing SEISs via electrolyte engineering for practical Li° batteries.

7.2 Introduction

Li metal (Li%) as an optional anode material for boosting energy densities as graphite anode in
commercially dominant Li-ion batteries cannot meet the steep requirements for cell energy
densities greater than 300 Wh kg'. 134 An excess of Li® generally used to compensate for Li losses
in most state-of-the-art Li’ batteries (LMBs) decreases the practical volumetric capacity.*
Therefore, in practical LMBs, a limited thickness of Li° anode coupled with a high mass loading

cathode as well as a low negative to positive capacity ratio are necessary conditions to achieve

144



projected energy densities.*® For instance, anode-free (or anode-less) batteries (N/P = 0) represent
an effective strategy for maximizing energy densities by eliminating enough Li reservoir from the
cells.”®

The electrochemical performance of Li° relies on the formation of a solid-electrolyte interphase
(SEI) upon the Li plating/stripping process.” A fragile SEI that initially establishes on the Li°
surface cannot accommodate electrode volume change with repeated cycling, and fractured SEI

could break the electrical contact and cause dendritic and/or “dead” Li production.'®

Accordingly,
rationally inducing a mechanically robust and chemically stable SEI generation is essential for
stabilizing Li® performance and restraining capacity loss over a long cycle life.!! One strategy is to
modify electrolyte components and construct functional interphases (e.g., inorganic-rich SEIs),
such as highly-concentrated electrolytes (HCEs), localized highly-concentrated electrolytes
(LHCES), and suspension electrolytes.!""!*> Compared with organic-rich SEIs, inorganic-rich SEIs
tend to effectively inhibit Li dendrite growth and stabilize Li* migration between electrodes.!® As
SEIs growth on Li° are directly linked with the Li* solvation environment, the other pathway is to
modulate Li* solvation/de-solvation structure and/or strength (e.g., weakly solvating electrolytes)
and adjust reaction kinetics.!*!>1¢!7 For example, by increasing the number of components in the
electrolytes, a wider distribution of diffusional barriers from diverse solvation structures could
facilitate diffusional channels via the available percolation network.'®

However, going beyond the features of principal chemical components in the electrolytes, the
impacts of modifying phase behavior on electrolyte electrochemical performance and SEIs
properties remain unclear. The diversity of local interactions among Li*, anions, and solvents
introduces extra complexity to clarify the kinetic characteristics commonly associated with the
diffusivity and conductivity of concentrated electrolytes. Additionally, achieving >99% Coulombic
efficiency (CE) without Li® excess at the negative electrode remains a challenge for most current

liquid electrolytes.’ Hence, we propose a dual-anion concentrated precipitation electrolyte
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(designated as CPE) design for activating ion transport capabilities and improving reversibility of
ultrathin Li® anodes (thickness of 25 um). To the best of our knowledge, there is no literature on
the formulation of the CPEs and investigation into the role of precipitation in influencing inorganic-
rich SEI development. Both lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium
nitrite (LiNOs) were used as additives in the ether-based CPEs, because of their ability to form a
fluorine-rich and nitrogen-rich SEI that suppress the Li® anodes from undergoing side reactions.
We demonstrate that a dual-anion CPE (4 M LiTFSI+2 wt.% LiNOQOj in 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME), 50:50 v/v %) provides superior cycling reversibility when compared
with single-salt dilute and concentrated electrolytes. The precipitation in the CPE serves as a
reservoir of salting-out salts that saturate the Li® surface, and hence establishing a stable SEI and

regulating Li deposition morphology during cycling.

7.3 Experimental section

7.3.1 Materials and synthesis
Free-standing ultrathin Li® anodes (thickness of 25 um) and LiFePO, (LFP, mass loading of ~15

mg cm) cathode material was supplied by MTI Corporation. The cathode sheets were punched
into discs (12 mm in diameter) and dried at 85 °C under the vacuum.

Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium nitrile (LiNO3) were purchased
from Sigma-Aldrich and vacuum dried at 100 °C. All electrolytes were prepared by adding the
specific amount of both salts in the battery-grade solvent 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) (50:50 v/v %) in an Argon-filled glovebox (0,<0.1 ppm, H,O<0.1 ppm).
1 mol g'' (M) LiTFSI+1 wt.% LiNOs (designated as 1+1 and the same for all electrolytes), 1 M
LiTFSI+2 wt.% LiNO; (1+2), 2 M LiTFSI+2 wt.% LiNO3 (2+2), 2 M LiTFSI+4 wt.% LiNOs (2+4),
4 M LiTFSI+2 wt.% LiNOs (4+2), and 4 M LiTFSI (4) electrolytes denote that the corresponding

concentration of different salts were well mixed in the DOL/DME solvent at room temperature.
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7.3.2 Electrochemical Measurements

Electrochemical cycling tests of all batteries were based on CR2325 coin-cell type assembled in an
Argon-filled glovebox (O, < 0.1 ppm, H,O < 0.1 ppm). 74.8 uL laboratory-prepared electrolytes
were injected into half cells (Li|LFP) with two layers of PP membrane (Celgard 2500) as separators,
one LFP disc as a cathode, and one Li° foil as an anode. The anode-free (Cu|LFP) kept the same
amount of liquid electrolyte without the usage of the Li® anode. Cu foil was washed up by freshly
made 1 M hydrochloric acid (HCI) solution and vacuum dried at 85 °C before a usage. All coin
cells were cycled between 2.5 V and 4.0 V (versus Li/Li*) at 0.05C (1C = 170 mAh g') using a
multi-channel battery cycler (Arbin BT2000) at room temperature.

Li plating and stripping of laboratory-prepared electrolytes in Cu|Li cells with free-standing
ultrathin Li° anodes (thickness of 25 um) were monitored by time (1 h) and voltage (1 V) at a rate
of 0.5 mA cm™. The average Coulombic efficiency (CE) was gained by dividing the total stripping
capacity by the plating capacity.! Cu foil was used as the working electrode and Li° was used as
the reference electrode. Cyclic voltammetry (CV) of Cul|Li and Li|LFP cells with selected
electrolytes was separately conducted at a scan rate of 0.2 mV s! from 0 V to 2 V and from 2 V to
4.5 V versus Li/Li*.

Electrochemical impedance spectroscopy (EIS) of Li|JLFP cells with Li® was measured after 1, 3,
5, and 10 cycles at a frequency range from 1 MHz to 0.01 Hz with a perturbation amplitude of 20
mV using a BioLogic Science instrument with a frequency response analyzer. 10 cycles were
chosen to sustain a relatively stable electrochemical performance.?

Lithium transference numbers (¢, ;+) were determined via the Bruce-Vincent method:

- ISS(AV — I°R2)
L T 10(AV = ISSRS)

AV

1°=——+
0 0

According to the two formulas above, t;;+ was calculated as follows:
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Where AV is the potential applied to the sample during the polarization process, I° is the initial
current, 5% is the steady-state current, RY is the initial solution resistance, RY, is the initial
interfacial resistance and R}; is the steady-state interfacial resistance. The polarization potential
(AV) of 10 mV were used for symmetric Li|Li cells with various electrolytes until the polarization

currents reached a steady state. The corresponding EIS data were collected before and after the

polarization. All tests were performed at room temperature.

7.3.3 Materials characterizations

Morphology characterization of Li® anodes was performed by field emission scanning electron
morphologies microscope (SEM) with a Hitachi SU5S000 microscope. X-ray photoelectron
spectroscopy (XPS) analyses of elemental composition on the Li® were carried out using an Axis
Ultra DLD spectrometer (Kratos Analytical, Manchester, UK) with monochromatized Al Ka X-
rays. Peaks were fitted using CasaXPS software (version 2.3.25) with Shirley BG type and all
spectra were calibrated with respect to C 1s (at 285.0 eV). The above morphology and composition
characterization were performed with Li|LFP cells in selected electrolytes and respectively cycled
for 1, 3, 5, and 10 cycles. Ultrathin Li® anodes were disassembled and carefully rinsed with the
DOL/DME solvent (50:50 v/v %) three times to remove residual electrolytes, followed by slowly
drying in the anti-chamber of an Argon-filled glovebox (02<0.1 ppm, H,0<0.1 ppm) at room
temperature to remove remaining solvent. Dried Li° electrodes were further transferred into a
customized box filled with Argon for the XPS measurements to minimize the air exposure.

Raman spectrometer equipped with a 12 mW 532 nm pump laser and all electrolytes were tightly
sealed in quartz cuvettes with Argon atmosphere. Differential scanning calorimeter (DSC) was

analyzed in an N, atmosphere with a heating rate of 5°C min™' ranging from -90 °C to 40 °C. X-ray
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diffraction (XRD) was performed using a Bruker AXS D8 diffractometer equipped with an Al Ko
beam (1486.6 eV).

In a Li|LFP coin-cell assembly with 4+2 CPE, one piece of lacey-carbon TEM grid (TED PELLA,
INC.) was applied above the Li® anode for deposited Li nanostructure study after initial Li
plating/stripping. To minimize air exposure, TEM grids were mounted on the specimen holder in
the glovebox, carried to the TEM measurement in a hermetically sealed argon tube, and quickly
inserted into the TEM column in less than 30 seconds. To acquire both high-resolution
Transmission Electron Microscope (HRTEM) bright-field and annular dark-filed (ADF) pictures,
an FEI Titan® 80-300 TEM operated at 300 keV and equipped with a CEOS aberration corrector
for the probe forming lens and a monochromated field emission gun. ADF images were collected
in Scanning Transmission Electron Microscopy (STEM) mode using a high-angle annular dark-
field (HAADF) Fischione detector. Energy-dispersive X-ray analysis (EDX) spectrometer (EDAX
Analyzer, DPP-II) is also included with the TEM instrument. EDX spectra were gathered with the

sample titled at 15 degrees."”

7.4 Results and discussion

7.4.1 Physical and electrochemical properties of precipitation electrolyte

As shown in Figure 7.1 (a), up to 2 wt.% LiNOs salt easily dissolves in DOL/DME with 1 M
LiTFSI. However, when the salt concentration of LiTFSI is raised to 2 M, either 2 wt.% LiNOs3 or
4 wt.% LiNOs (in Figure A12.1) cannot be entirely dissolved at room temperature and eventually
obtains a concentrated precipitation electrolyte (CPE). This interesting phenomenon might be
described as the salting-out process of salts in the mixed-solvent system.?! The addition of a second
solute or solvent alters the solubility of the dissolved substance. With the increase of the
concentrations for LiTFSI up to 4 M but keeping the relatively low mass ratio of LiNOs (2 wt.%),
the solution becomes more suspended after being well mixed. Differential scanning calorimeter

(DSC) was applied to reveal distinct glass transition temperatures, which indicates in Figure 7.1(b)
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that all the electrolytes are glass-forming liquids, and their glass transition temperatures shift from
low to high with increasing salt concentrations. '

Raman spectroscopy was conducted to explore the effects of different chemical components on the
local environment of Li* solvation structure in the electrolytes (in Figure 7.1(c)). The signals of
free DME and DOL molecules decrease with the increase of salt concentrations and almost
diminish for CPEs (2+2 and 4+2). Moreover, the C=0 stretching modes of DME (800-880 cm™")
shift more than that of DOL (920-950 cm™) in all electrolytes, which suggests that Li* solvation by
DME is stronger than by DOL, and the peak shift is also affected by salt concentrations.?! The S-
N stretching band of TFSI™ at 730-780 cm! is broader than the range reported by Wahyudi et al.,
implying the involvement of TFSI" in the solvation structure.””” The slight shift could also
correspond to a strong impact of aggregate ion pairs Li*-TFSI" coordination (peak at ~747 cm™)
than TFSI free ion pairs in the precipitation solutions. It has been well known that TFESI™ has a
lower binding energy with Li*, implying a lower de-solvation energy and a rapid Kinetic.?!.
Moreover, the S-N band slightly shifts to a high wavenumber in the CPEs compared to the low-
concentration electrolytes (1+1 and 1+2), suggesting a significant increase in Li*-TFSI
coordination and a decrease in TFSI free ion population in CPEs. The aggregate ion pairs have
been previously reported to be a unique Li* coordination that appear in the HCEs and are beneficial
for Li* transport.??®© Figure 7.1(d) displays the ionic conductivity at room temperature for the
electrolyte solutions of LiTFSI and LiNO3 in DOL/DME solvent. After being sufficiently mixed,
5 mol g! of LiNO; cannot be completely dissolved in the solvent at room temperature. It is evident
that the ionic conductivity of LiTFSI in DOL/DME decreases as salt concentrations increase
beyond its apparent Cmax, the concentration of highest conductivity, at 1 M (mol g). In contrast,
the ionic conductivity of LiNOs rises linearly in DOL/DME without reaching a Cumax due to
solubility limit.?*¥ Therefore, controlling the ratio of LITFSI/LiNOs salt to the DOL/DME solvent

is a key factor to preserve those electrolytes that have good ionic conductivity. The value of Li-ion
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transference number (¢;;+) for the 442 CPE is 0.08 (in Table A10), which is way lower than that
of traditional liquid electrolytes (e.g., 0.2-0.3).!* This feature may be attributed to distinct kinetics
and the unique structure of the dual-anion solvation shells, which would necessitate further
modelling and theoretical studies. One assumption for ion transport mechanism is that the Li* needs
to “jump” from one Li*-TFSI" coordination to another (similar to a hopping-like behavior in the
HCEs) in the CPE and the number of associate states is sufficiently high to ensure close proximity

among them.?
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Figure 7.1. (a) The dissolution state after being well mixed at room temperature: 1 M LiTFSI+1
wt.% LiNOs (1+1), 1 M LiTFSI+2 wt.% LiNO; (1+2), 2 M LiTFSI+2 wt.% LiNOs (2+2), and 4
M LiTFSI+2 wt.% LiNOs3 (4+2); (b) DSC traces of the aforementioned electrolytes; (¢) Raman
spectra of various electrolytes: S-N stretching in TFSI (730-780 cm™), C=0 stretching in DME
(800-880 cm™), and C=0 stretching in DOL (920-950 cm™'); (d) Room-temperature ionic

conductivity as a function of ratios of salt-to-solvent (mol per g solvent) for LiNO3 and LiTFSI.

151



7.4.2 Electrochemical performance of concentrated precipitated electrolyte

Figure 7.2(a) presents voltage profiles of Cu|Li cells with various electrolytes after initial Li plating.
In the case of the Cul4+2|Li cell, the lowest voltage spike (~114 mV at 0.5 mA cm?) of Li
nucleation implies that larger Li nuclei was formed on the Cu current collector, and these nuclei is
expected to promote dense Li growth during the initial Li deposition. We will further discuss the
Li deposition morphologies on the Li® anode with 442 CPE in the Section 7.4.3. The precipitated
4+2 electrolyte contributes to well-overlapped Li plating/stripping profiles for 300 cycles with an
overpotential of 57 mV as evidenced in Figure 7.2(b). According to Figure 7.2(c-e), the Cul4+2|Li
cell cycles steadily for over 750 h (after resting at the open-circuit voltage for 12 h) and exhibits a
stable voltage profile with low electrode polarization that is comparable with the low-concentration
electrolytes. For the cells containing diluent 4 and precipitated 2+4 electrolytes, the voltage lowers
drastically and irreversibly which typically owing to the formation of a thick and unstable SEI and
a dendrite-induced short circuit in the cell.” In addition, the average CE reaches 97.21% from 0 to
300 cycles in the 4+2 CPE (in Figure 7.2(f)). This endorses the fact that a stable SEI formation
could improve the interfacial compatibility, allowing highly reversible Li deposition/dissolution.?
Figure 7.2(g) depicts the observed reduction behavior of LiTFSI, LiNO3, and DOL/DME in the
Cul4+2|Li cell. In the first CV cycle, there is a deep cathodic peak beginning at ~1.81 V vs Li/Li*
that could be ascribed to the reduction of NOs, and it disappears in the subsequent cycles.*!! The
easy reduction of NOj" in ether electrolytes serves as the frontier reaction during SEI nucleation
and growth and is critical for the physiochemical properties of the SEL!' A tiny peak starting from
around 1.43 V could be assigned to TFSI reduction.** The absence of similar salt reduction peaks
in the subsequent cycles implies an electrochemically stable inorganic-rich SEI formation.

To access the electrochemical performance of 4+2 CPE, anode-free (Cu|LFP) cells were assembled
and tested, as exhibited in Figure A12.2. The Cu|4+2|LFP cell outperforms other electrolytes with

the largest initial discharge capacity of 116.31 mAh g and a CE of 99.63% after 100 cycles. The
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voltage hysteresis for the cell with the 4+2 CPE is relatively steady within 50 cycles, indicating the
potential of a stable SEI growth.

A slight excess of Li has been suggested as an effective solution to stabilize Li plating process. '
Herein, an ultrathin Li° foil was applied in half cells (Li|LFP). The compatibility of all electrolytes
with LFP electrodes (mass loading of 15 mg cm™) was evaluated by CV. The CV curves (in Figure
A12.3) reveal a high anodic stability over 4.0 V (versus Li/Li*) with a more stable redox
overpotential of the 4+2 CPE compared to the low-concentration 1+1 electrolyte, demonstrating a

superior compatibility of the CPE with the high-loading LFP cathodes.

153



(a) 279 0.5 mAh cm? 141
241 142
2.1 1 nucleation arergy barriar) 2+4
(~25mv) — 3
4+2

00 002 0.04

01 02 03 04 05

0.0
Areal discharge capacity (mAh cm?)

( b ) 1.8
0.5 mAh cm™ — st
1.5 | Cula+2|Li ——10th
1.2 i T T —— 200th
- a " —
a E 0.05 ABSmV[T 300th
© 0.9+ % 0.00 STmMV|200")
g 1|8
= J 05
5 0.6 0
= 040
0.3 1
o 0z
0.0
0.3 4 T T T T T
0.0 01 0.2 0.3 0.4 0.5

Areal discharae capacitv (mAh cm?)

~52mV

0.5 HH‘ . ‘ ‘ |
_— (S TN
= "1
2 0.0 Ll i 4 Gigicrl
S et TS L H ' 1+1
’ el
S 054 2% Vo I 142
L1 . |
(- b “, oo 2+4
-1.0 -~ t', e \ ‘v. \"“'L“ i
0.5m e.h’cqu \\‘ \ slmrt'sq‘c.sn — A42
e T T T T Z= T
0, 150 300 450 600 S~ 750
’/’ ‘\ Time “h) \ e
” \ Swao
(d) m (e)
0.04 0,04 -
0.02 |- 0.02- f/ > g F/
s )
@ @
g 0.00 ~51mV P 0.001
s 3
-0.02 4 -0.02 ~
NN N ¢ la's WA A AL
-0.04 4 -0.04 -
190 200 210 400 410 420
(f) Time (h) ( ) Time (h)
__ 0.005
- o
§ 100 + £
> : 0.000 4
£ 80- £ i
ye <0005 N
é" - reduction
T 60- g Impurities
e 0.010- i
5 3 TFSilreduction "%
E 404" = 1+ be solvent 74
2 = 142 ® -0.0154 [ reduction
3 Lol . 244 £ Cujd+2|Li
(3] = 4 o 1st
o " 442 Rt N 2nd-5th
0 50 100 150 200 250 300 00 05 10 15 20 25

Cycle number

154

Potential (V vs Li/Li*)



g A

W 101
T WHHH\HH\H\H\WHHHHWIHHHHHUH\\HHHHHN!\HHH\HHHHI\HHHHHHHHHH
~ SR
1 muumummm\\mlmwlmuluumuuuwnummmmmu i

Voltage (V)
=
g

Voltage (V)
=
2

01

Voltage (V)
(=]
=

&

i "‘\'ii"""""'mi‘
g |

T
I:i:’)m.i\.hl:m‘2

e \”‘l”'MIINWW Wi \WWMMHH!\HWHHIWWI”I

Figure 7.2. (a) Voltage profiles of the initial Li depositions in Cu|Li cells with 1+1, 1+2, 2+4, 4,
and 4+2 electrolytes at a current density of 0.5 mA cm™. The inset shows the nucleation energy
barrier for the 4+2 CPE. (b) Galvanostatic curves of Culd4+2|Li cell after charge/discharge at 0.5
mA cm?. The inset shows the comparison of overpotentials after different cycles. (c) Long-term
galvanostatic voltage profiles of CulLi cells with 1+1, 142, 2+4, 4, an 442 electrolytes at a

current density of 0.5 mA ¢cm™. (d-e) Zoom-in regions from Figure 7.2(c). (f) CEs of CulLi cell
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with various electrolytes at 0.5 mA cm™. (g) CV profiles of Cu4+2|Li cell after 5 cycles (at a
scan rate of 0.2 mV s™). (h) Detailed spectra of plots in Figure 7.2(c).

As shown in Figure 7.3(a), the employment of 442 CPE results in a stable cycling performance for
100 cycles with a capacity reteintion of around 82.8% (an average CE of 99.94% in Figure 7.3(b)).
The Li|4+2|LFP cell has an initial discharge capacity of 147.11 mAh g, which is slightly lower
than that of 1+1 electrolyte. More contact ion pairs are preferentially reduced at the Li° surface
during the initial cycling and the cell with the 4+2 CPE which leads to a stable and compact SEI.?°
Furthermore, the voltage polarization of the Li|4+2|LFP cell begins at a low value (= 90 mV from
Figure 7.3(c)) and increases slowly over 100 cycles, implying that the 4+2 CPE has enhanced
electrochemical dynamics. In addition, the Li|4+2|LFP cell delivers superior rate performance from
0.05C to 0.2C, sustaining around 70% of the specific capacity with a tiny polarization after

recovering to 0.05C (in Figure 7.3(d)).
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Figure 7.3. (a) Cycling performance and (b) Coulombic efficiency of Li|LFP cell with 1 M LiPFs
in EC/DEC (50:50 vol.%), 1+1, 142, 244, 4, and 4+2 electrolytes at 0.05C. (c) Galvanostatic
charge-discharge curves of Li[4+2|LFP cell at 0.05C. (d) Rate performances of Li|4+2|LFP cell at
elevated rates from 0.05C to 0.2C.

7.4.3 Li deposition morphology evolution after cycling

To evaluate the morphology of the electrodeposited Li with the 4+2 CPE, post-mortem top-

scanning electron microscopy (SEM) characterization was performed as shown in Figure 7.4(a)
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and Figure A12.4. While the deposited Li on the Li® surface in the 1+1 electrolyte after the initial
cycle shows an aggregate spiky-like appearance, those in the 1+2, 2+4, and 4+2 electrolytes exhibit
a mossy-like Li morphology with increased size of Li nuclei. As the salt concentration increases,
the morphology of deposited Li gradually changes from spike aggregates to granular and finally
into a relatively regular spherically shaped aggregates, matching the findings reported by Chen et
al.?® This difference after the initial Li plating could be closely associated with the ability of LiNO3
in the ether-based electrolytes, to regulate the Li deposition at an early stage.!! After 3 cycles, the
whiskers are scattered in large aggregates for 1+1 and 1+2 electrolytes, which suggest that Li
nucleation sites are unevenly distributed. Such porous surface accounts for their low CEs and
unstable Li plating/stripping cycling process. For the 2+4 CPE, smaller spherical Li nuclei with a
small amount of Li spike is observed, which is consistent with a low discharge capacity and poor
cycling stability in the Li|LFP cells. Surprisingly, uniform disc-like and spherical morphologies are
obtained in the 4+2 CPE with a rather neat surface, along with the highest average CE and stable
electrochemical performance. With cycling, the Li nuclei density and uniformity increases with
well-connected deposits for the 4+2 CPE, allowing efficient stripping and suppressing the
formation of inactive Li’. Combing with these results support that when a higher concentration of
LiNO:; is employed for the 4+2 CPE, a denser deposited Li layer is originally produced at the early
stage and maintains its stability during extended cycles.

To characterize the structure and composition of SEI, transmission electron microscopy (TEM) was
implemented for the full cell with the 4+2 CPE after the initial charge/discharge process. Figure
7.4(b) shows the TEM images of deposited Li on TEM Cu mesh in the 4+2 CPE. The large size of
~2 pum spherical nuclei show excellent nucleation behavior. Figure 7.4(c) illustrates the EDX
spectra of F, C, S that may originate from the SEI and the “noisy” signals (Fe, P, Cl, and Cu)
probably coming from the TEM holders. The detailed SEI composition will be discussed in the

following section.
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Figure 7.4. (a) Top-view SEM images of Li deposited on Li° foils in Li|LFP cells with 1+1, 1+2,
2+4, and 442 after 1, 3, 5, and 10 cycles at a current density of 0.05C (the scale bar is 10 pm). (b)
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STEM images of the remaining Li nucleation on Cu mesh after the discharge process in Li|LFP

with the 4+2 CPE. (c) EDX analysis from different areas (area 1 and 2) in Figure 7.4(b).

7.4.4 SEI composition analysis

To reveal the synergistic effect of dual anions (TFSI" and NOs") on the SEI components, X-ray
photoelectron spectroscopy (XPS) was carried out on cycled Li® anodes with the 4+2 CPE after
being respectively cycled for 1, 3, 5, and 10 times. No obvious increased content of all elements
suggests a chemically stable SEI formation. Figure 7.5(a) shows C 1s spectra and demonstrates the
presence of CFx peak (at 293.1 eV) that originate from TFSI™ anions. Organic species such as C-
C/C-H, C-O (ethers), and C=0 (carbonates) are detected for initial and evolved SEIs within 10
cycles. The presence of the organic C species may imply that there is a lower polymerization or
other side reactions linked with the solvent reduction.?® Regarding F 1s spectra as plotted in Figure
7.5(b)), peaks at 686.7 eV and at 688.9 eV are respectively assigned to CFx and TFSI" species,
suggesting the existence of salting-out LiTFSI salts. The position of the peak at 685.4 eV coincides
with the defluorination of TFSI" to produce LiF.?* With cycle increases, the content of LiF remains
almost unchanged for the 4+2 CPE only (in Figure A12.5). LiF has stronger adhesion to the Li°
surface, benefiting in the formation of a robust SEI layer and effectively preventing further side
reactions.'” While without adding LiNOs, LiTFSI as the single salt continuously decompose into
LiF and may generate a thick SEI layer (in Figure A12.6).

The SEI film formed on ultrathin Li° with 4+2 CPE exhibits three peaks in high-resolution N 1s
spectrum due to its strong oxidizing nature (in Figure 7.5(c)) at 399.9 eV, 403.7 eV, and 407.7 eV,
corresponding to Li3N, LiNO,, and LiNOs3, respectively.?® The existence of LisN, LiNO,, and
LiNOs enhances the ionic conductivity as well as the interphase stability, which could partially
contribute to uniform and rapid depositions of Li* on the Li°.?® LiN; remains almost constant with
cycle increase. The reaction mechanisms of the LiNO3 decomposition are aligned with what was
known as below:

NO;3 + 2Li > NO; + Li,0
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NO; + 6Li + Li* - LisN + 2Li,0

In Figure 7.5(d), the Li 1s spectrum verifies two peaks in the SEI film after 1 cycle at 53.8 eV and
55.6 eV, corresponding to Li»O and LiF species, respectively. The relative intensities for both peaks
maintain constantly during 10 cycles, indicating a chemically stable SEI evolution. Such a LiF-
Li;N-rich SEI film in the 4+2 CPE improves the stability of Li® anode.

In S 2p spectra (in Figure A12.7), two peaks of S-N (163.7/164.9 eV, for 2p**/2p'?) and SOs*
(165.6 €V/166.8 V) are derived from the original TFSI" (-SO?CF; group) and partially decomposed
salt after 1 cycle. Upon cycling, the appearance of SO4* (170.0 €V/170.2 eV) corresponds to further
decomposition of TFSI after 3 cycles. The peak of S-N is visible after 5 cycles. After 10 cycles,
the peaks of SOs* (166.1 eV/167.2 €V) and SOs* (167.9 eV/169.1 eV) represent complete
decomposition of TESI. The S-N in the LiTFSI can interact with Li ions directly. The introduction
of NOs thereby regulates the interactions between Li ions and TFSI" and results in polarization of
TFSI.%

The presence of LiNO; only in the liquid systems is considered as a “sacrificial electrolyte additive”
since it is continuously reacting with deposited Li° in each cycle. Surprisingly, with cycling, the
content of LisN keeps nearly persistent in the 4+2 CPE compared with that of the 2+4 (in Figure
A12.8). A relatively small amount of LiNOs3 dissolved in the 4+2 CPE is preferably reduced on the
Li° surface but the salting-out of LiTFSI may help maintain a nearly saturated solution of LiNOs.
In this way, the beneficial effect of the LiF-Lis;N-rich SEI layer on the Li® anode is maintained.
This key finding is supported by the work of Manthiram’s group that the competitive reactivity
between dual anions could slow down the reaction rate of one anion.?®

Relatively higher F/C, F/O, N/C, and N/O ratios and a lower C/O ratio were obtained for the SEI
of 4+2 CPE compared to that for 1+1 electrolyte (in Figure A12.9). These ratios confirm that more
anions were decomposed in the SEI than the solvents, which validates higher contents of inorganics

species (e.g., LiF, LiN3, and Li»O) involved in SEI for the 4+2 CPE on the Li° surface.?
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Figure 7.5. XPS profiling of the SEI layer on ultrathin Li® with the 4+2 CPE after 1, 3, 5, and 10

cycles: (a) C Is; (b) F Is; (¢c) N Is; (d) Li Is.

7.4.5 Electrolyte/electrode resistance evolution after cycling

To uncover the mechanism of better cycling performance of Li|4+2|LFP, electrochemical
impedance spectroscopy (EIS) was performed after open-circuit rest of 12 h and being cycled for
1, 3, 5, and 10 times, respectively. A Nyquist plot is composed of a semicircle in the high-to-
middle-frequency region and a Warburg tail in the low-frequency region. The semicircle in the
high-to-middle-frequency region is interpreted as the interface between the 4+2 CPE and

electrode.! The bulk resistance of all electrolytes including the 4+2 CPE in the cells is quite low
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compared with the low-concentration electrolytes. After the initial cycle, the cell with 1+2
electrolyte could establish a less resistive interface than the one with 1+1 (in Figure 7.6(a) and (b)).
While the cell with precipitated 4+2 CPE indicates the smallest interfacial resistance (the smallest
semi-circle) compared to the other three electrolytes, and it remains relatively stable within 10
cycles than the one with 2+4 electrolyte (in Figure 7.6(c) and (d)), indicating a stable and less-
resistive interface (including SEI). The increased charge-transfer resistance might be due to the

special Li solvation/de-solvation structure at the Li’4+2 CPE interface. '
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Figure 7.6. (a-d) Nyquist plots of Li|[LFP cells with 1+1, 142, 2+4, and 4+2 after 1, 3, 5, and 10
cycles at a current density of 0.05C.

7.5 Conclusions
In conclusion, we introduced a concentrated precipitation electrolyte (CPE) by combining 4 M

LiTFSI and 2 wt.% LiNOs (4+2) in the ether-based system to boost the electrochemical

163



performance of the ultrathin Li® anode (thickness of 25 um). The distinct ion solvation environment
in the 4+2 CPE induces a mechanically robust and chemically stable SEI. The uniform and compact
Li® depos morphologies are obtained in the 4+2 CPE. Consequently, the highest average CE of
99.94% and a stable electrochemical performance (capacity retention of 82.8%) is attained after
100 cycles in the Li[4+2|LFP (mass loading of ~15mg cm) cell. Upon cycling, the precipitation in
the 4+2 CPE works as a reservoir for salting-out salts during cycling, leading to stabilization of the
LITFSI and LiNO; reduction on the Li° surface. The formed LiF-LisN-rich SEI significantly
improves the reversibility of the ultrathin Li® anode. Unlike all diluent and concentrated electrolytes
so far, the 4+2 CPE with modified Li* solvation structure activates Li* transport kinetics and guides

a stable SEI with enhanced physicochemical features in LMBs.

7.6 References

1. Thackeray, M. M.; Wolverton, C.; Isaacs, E. D. Electrical energy storage for
transportation—approaching the limits of, and going beyond, lithium-ion batteries. Energy
& Environmental Science. 2012, 5, 7854-7863.

2. Gir, T. M. Review of electrical energy storage technologies, materials and systems:
challenges and prospects for large-scale grid storage. Energy & Environmental Science.
2018, 71, 2696-2767.

3. Liu, J.; Bao, Z.; Cui, Y.; Dufek, E.J.; Goodenough, J.B.; Khalifah, P.; Li, Q.; Liaw, B.Y;
Liu, P.; Manthiram, A.; Meng, Y.S. Pathways for practical high-energy long-cycling
lithium metal batteries. Nature Energy. 2019, 4, 180-186.

4. Holoubek, J.; Liu, H.; Wu, Z.; Yin, Y.; Xing, X.; Cai, G.; Yu, S.; Zhou, H.; Pascal, T.A_;
Chen, Z.; Liu, P. Tailoring electrolyte solvation for Li metal batteries cycled at ultra-low
temperature. Nature Energy. 2021, 6, 303-313.

5. a) Stuckenberg, S.; Bela, M.M.; Lechtenfeld, C.T.; Mense, M.; Kiipers, V.; Ingber, T.T.K.;
Winter, M.; Stan, M.C. Influence of LiNO3 on the Lithium Metal Deposition Behavior in

164



Carbonate-Based Liquid Electrolytes and on the Electrochemical Performance in Zero-
Excess Lithium Metal Batteries. Small. 2023, 2305203. ; b) Yim, C. H.; Houache, M. S.;
Baranova, E. A.; Abu-Lebdeh, Y. Understanding key limiting factors for the development
of all-solid-state-batteries. Chemical Engineering Journal Advcances. 2023, 13, 100436. ;
¢) Weber, R.; Genovese, M.; Louli, A. J.; Hames, S.; Martin, C.; Hill, I. G.; Dahn, J. R.
Long cycle life and dendrite-free lithium morphology in anode-free lithium pouch cells
enabled by a dual-salt liquid electrolyte. Nature Energy. 2019, 4, 683-689. ; d) Hobold,
G.M.; Lopez, J.; Guo, R.; Minafra, N.; Banerjee, A.; Shirley Meng, Y.; Shao-Horn, Y.;
Gallant, B.M. Moving beyond 99.9% Coulombic efficiency for lithium anodes in liquid
electrolytes. Nature Energy. 2021, 6, 951-960.

Shi, P.; Zhang, X.Q.; Shen, X.; Zhang, R.; Liu, H.; Zhang, Q. A review of composite
lithium metal anode for practical applications. Advanced Materials Technologies. 2020, 5,
1900806.

Lee, Y.G.; Fujiki, S.; Jung, C.; Suzuki, N.; Yashiro, N.; Omoda, R.; Ko, D.S.; Shiratsuchi,
T.; Sugimoto, T.; Ryu, S.; Ku, J.H. High-energy long-cycling all-solid-state lithium metal
batteries enabled by silver—carbon composite anodes. Nature Energy. 2020, 5, 299-308.
Kwon, H.; Lee, J.H.; Roh, Y.; Baek, J.; Shin, D.J.; Yoon, J.K.; Ha, H.J.; Kim, J.Y.; Kim,
H.T. An electron-deficient carbon current collector for anode-free Li-metal batteries.
Nature Communications. 2021, 12, 5537.

a) Peled, E. The electrochemical behavior of alkali and alkaline earth metals in nonaqueous
battery systems—the solid electrolyte interphase model. Journal of The Electrochemical
Society. 1979, 126, 2047. ; b) Aurbach, D.; Daroux, M.L.; Faguy, P.W.; Yeager., E.
Identification of surface films formed on lithium in propylene carbonate solutions. Journal
of The Electrochemical Society. 1987, 134, 1611. ; ¢) Aurbach, D.; Ein-Ely, Y.; Zaban, A.

The surface chemistry of lithium electrodes in alkyl carbonate solutions. Journal of The

165



10.

11.

12.

13.

Electrochemical Society. 1994, 141, L1. ; d) Peled, E.; Golodnitsky, D.; Ardel., G.
Advanced model for solid electrolyte interphase electrodes in liquid and polymer
electrolytes. Journal of The Electrochemical Society. 1997, 144, 1.208.

a) Lin, D.; Liu, Y.; Cui, Y. Reviving the lithium metal anode for high-energy batteries
Nature Nanotechnology. 2017, 12, 194-206. ; b) Fang, C.; Li, J.; Zhang, M.; Zhang, Y.;
Yang, F.; Lee, J.Z.; Lee, M.H.; Alvarado, J.; Schroeder, M.A.; Yang, Y.; Lu, B.
Quantifying inactive lithium in lithium metal batteries. Nature. 2019, 572, 511-515.

a) Liu, Y.; Lin, D.; Li, Y.; Chen, G.; Pei, A.; Nix, O.; Li, Y.; Cui, Y. Solubility-mediated
sustained release enabling nitrate additive in carbonate electrolytes for stable lithium metal
anode. Nature Communications. 2018, 9, 3656. ; b) Jagger, B.; Pasta, M. Solid electrolyte
interphases in lithium metal batteries. Joule. 2023, 7, 2228-2244.; c) Pham, T.D.; Bin
Faheem, A.; Chun, S.Y.; Rho, J.R.; Kwak, K.; Lee, K.K. Synergistic effects on lithium
metal batteries by preferential ionic interactions in concentrated bisalt
electrolytes. Advanced Energy Materials. 2021, 11, 2003520.

Beyene, T.T.; Bezabh, H.K.; Weret, M.A.; Hagos, T.M.; Huang, C.J.; Wang, C.H.; Su,
W.N.; Dai, H.; Hwang, B.J. Concentrated dual-salt electrolyte to stabilize Li metal and
increase cycle life of anode free Li-metal batteries. Journal of The Electrochemical Society.
2019, 166, A1501-A1509.

a) Gu, Y.; Wang, W.W.; Li, Y.J.; Wu, Q.H.; Tang, S.; Yan, JJW_; Zheng, M.S.; Wu, D.Y ;
Fan, C.H.; Hu, W.Q.; Chen, Z.B. Designable ultra-smooth ultra-thin solid-electrolyte
interphases of three alkali metal anodes. Nature Communications. 2018, 9, 1339. ; b) Liu,
W.; Liu, P.; Mitlin, D. Review of emerging concepts in SEI analysis and artificial SEI
membranes for lithium, sodium, and potassium metal battery anodes. Advanced Energy
Materials. 2020, 10, 2002297. ; ¢) Liu, S.; Ji, X.; Piao, N.; Chen, J.; Eidson, N.; Xu, J.;

Wang, P.; Chen, L.; Zhang, J.; Deng, T.; Hou, S. An inorganic-rich solid electrolyte

166



14.

15.

16.

17.

interphase for advanced lithium-metal batteries in carbonate electrolytes. Angewandte
Chemie International Edition. 2021, 60, 3661-3671. ; d) Ma, Q.; Fang, Z.; Liu, P.; Ma, J;
Qi, X.; Feng, W.; Nie, J.; Hu, Y.S.; Li, H.; Huang, X.; Chen, L. Improved Cycling Stability
of Lithium-Metal Anode with Concentrated FElectrolytes Based on Lithium
(Fluorosulfonyl)(trifluoromethanesulfonyl) imide. ChemElectroChem 2016, 3, 531-536.
Chen, S.; Zheng, J.; Mei, D.; Han, K.S.; Engelhard, M.H.; Zhao, W.; Xu, W_; Liu, J.;
Zhang, J.G. High-voltage lithium-metal batteries enabled by localized high-concentration
electrolytes. Advanced Materials. 2018, 30,1706102.

Ren, X.; Chen, S.; Lee, H.; Mei, D.; Engelhard, M.H.; Burton, S.D.; Zhao, W.; Zheng, J.;
Li, Q.; Ding, M.S.I Schroeder, M. Localized high-concentration sulfone electrolytes for
high-efficiency lithium-metal batteries. Chem. 2018, 4, 1877-1892.

a) Kim, M.S.; Zhang, Z.; Rudnicki, P.E.; Yu, Z.; Wang, J.; Wang, H.; Oyakhire, S.T.;
Chen, Y.; Kim, S.C.; Zhang, W.; Boyle, D.T. Suspension electrolyte with modified Li+
solvation environment for lithium metal batteries. Nature Materials. 2022, 21, 445-454. ;
b) Kim, M.S.; Zhang, Z.; Wang, J.; Oyakhire, S.T.; Kim, S.C.; Yu, Z.; Chen, Y.; Boyle,
D.T.; Ye, Y.; Huang, Z.; Zhang, W. Revealing the multifunctions of Li3N in the suspension
electrolyte for lithium metal batteries. ACS nano. 2023, 17, 3168-3180.

a) Yamada, Y.; Usui, K.; Sodeyama, K.; Ko, S.; Tateyama, Y.; Yamada, A. Hydrate-melt
electrolytes for high-energy-density aqueous batteries. Nature Energy. 2016, 1, 1-9. ; b)
Yao, Y.X.; Chen, X.; Yan, C.; Zhang, X.Q.; Cai, W.L.; Huang, J.Q.; Zhang, Q. Regulating
interfacial chemistry in lithium-ion batteries by a weakly solvating electrolyte. Angewandte
Chemmie International Edition. 2021, 60, 4090-4097. ; ¢) Holoubek, J.; Liu, H.; Wu, Z.;
Yin, Y.; Xing, X.; Cai, G.; Yu, S.; Zhou, H.; Pascal, T.A.; Chen, Z.; Liu, P. Tailoring
electrolyte solvation for Li metal batteries cycled at ultra-low temperature. Nature Energy.

2021, 6, 303-313. ; d) Yu, Z.; Rudnicki, P.E.; Zhang, Z.; Huang, Z.; Celik, H.; Oyakhire,

167



18.

19.

20.

S.T.; Chen, Y.; Kong, X.; Kim, S.C.; Xiao, X.; Wang, H. Rational solvent molecule tuning
for high-performance lithium metal battery electrolytes. Nature Energy. 2022, 7, 94-106. ;
e) Kwon, H.; Choi, H.J.; Jang, J.K.; Lee, J.; Jung, J.; Lee, W.; Roh, Y.; Baek, J.; Shin, D.J.;
Lee, J.H.; Choi, N.S. Weakly coordinated Li ion in single-ion-conductor-based composite
enabling low electrolyte content Li-metal batteries. Nature Communications. 2023, 14,
4047.

a) Ma, Y.; Ma, Y.; Wang, Q.; Schweidler, S.; Botros, M.; Fu, T.; Hahn, H.; Brezesinski,
T.; Breitung, B. High-entropy energy materials: challenges and new opportunities. Energy
Environmental Science. 2021, 14, 2883-2905. ; b) Wang, Q.; Zhao, C.; Wang, J.; Yao, Z.;
Wang, S.; Kumar, S.G.H.; Ganapathy, S.; Eustace, S.; Bai, X.; Li, B.; Wagemaker, M.
High entropy liquid electrolytes for lithium batteries. Nature Communications. 2023, 14,
440. ; c) Kim, S.C.; Wang, J.; Xu, R.; Zhang, P.; Chen, Y.; Huang, Z.; Yang, Y.; Yu, Z.;
Oyakhire, S.; Zhang, W.; Greenburg, L. High-entropy electrolytes for practical lithium
metal batteries. Nature Energy. 2023, 8, 814-826. ; d) Wang, Q.; Zhao, C.; Yao, Z.; Wang,
J.; Wu, F.; Kumar, S.G.H.; Ganapathy, S.; Eustace, S.; Bai, X.; Li, B.; Lu, J. Entropy-
driven liquid electrolytes for lithium batteries. Advanced Materials. 2023, 35, 2210677.

a) Couillard, M.; Tyo, D.D.; Kingston, D.M.; Patarachao, B.; Zborowski, A.; Ng, S.;
Mercier, P.H. Structure and Mineralogy of Hydrophilic and Biwettable Sub-2 um Clay
Aggregates in Oil Sands Bitumen Froth. Minerals. 2020, 10, 1040. ; b) Qiu, F.; Li, X.;
Deng, H.; Wang, D.; Mu, X.; He, P.; Zhou, H. A concentrated ternary-salts electrolyte for
high reversible Li metal battery with slight excess Li. Advanced Energy Materials. 2019,
9, 1803372.

Cavers, H.; Steffen, J.; Gogoi, N.; Adelung, R.; Hartke, B.; Hansen, S. Investigation of the
Impact of High Concentration LiTFSI Electrolytes on Silicon Anodes with Reactive Force

Field Simulations. Liquids. 2023, 3, 132-158.

168



21.

22.

23.

a) Lee, L.L. A molecular theory of Setchenov's salting-out principle and applications in
mixed-solvent electrolyte solutions. Fluid Phase Equilibria. 1997, 131, 67-82. ; b) Galvao,
A.C.; Jiménez, Y.P.; Justel, F.J.; Robazza, W.S.; Donatti, F.S. Salting-out precipitation of
NaCl, KCl and NH4CI in mixtures of water and methanol described by the modified Pitzer
model. The Journal of Chemical Thermodynamics. 2020, 150, 106202.

a) Wahyudi, W.; Ladelta, V.; Tsetseris, L.; Alsabban, M.M.; Guo, X.; Yengel, E.; Faber,
H.; Adilbekova, B.; Seitkhan, A.; Emwas, A.H.; Hedhili, M.N. Lithium-ion desolvation
induced by nitrate additives reveals new insights into high performance lithium batteries.
Advanced Functional Materials. 2021, 31, 2101593. ; b) Su, H.; Chen, Z.; Li, M.; Bai, P.;
Li, Y.; Ji, X.; Liu, Z.; Sun, J.; Ding, J.; Yang, M.; Yao, X. Achieving Practical High-
Energy-Density Lithium-Metal Batteries by a Dual-Anion Regulated Electrolyte.
Advcanced Materials. 2023, 35, 2301171. ; ¢) Seo, D.M.; Boyle, P.D.; Sommer, R.D.;
Daubert, J.S.; Borodin, O.; Henderson, W.A. Solvate structures and spectroscopic
characterization of LiTFSI electrolytes. Journal of Physical Chemistry B. 2014, 118,
13601-13608. ; d) Al-Salih, H.; Baranova, E.A.; Abu-Lebdeh, Y. Unraveling the phase
diagram-ion transport relationship in aqueous electrolyte solutions and correlating
conductivity with concentration and temperature by semi-empirical modeling.
Communications Chemistry. 2023, 6, 195.

a) Chen, Y.; Li, M.; Liu, Y.; Jie, Y.; Li, W.; Huang, F.; Li, X.; He, Z.; Ren, X.; Chen, Y.;
Meng, X. Origin of dendrite-free lithium deposition in concentrated electrolytes.
Nature Commun. 2023, 14, 2655. ;b) Yim, C. H.; Tam, J.; Soboleski, H.; Abu-Lebdeh, Y.
On the correlation between free volume, phase diagram and ionic conductivity of aqueous
and non-aqueous lithium battery electrolyte solutions over a wide concentration range.

Journal of The Electrochemical Society. 2017, 164, A1002.

169



24,

25.

26.

27.

28.

Venezia, E.; Salimi, P.; Liang, S.; Fugattini, S.; Carbone, L.; Zaccaria, R.P. Comparative
Study of Lithium Halide-Based Electrolytes for Application in Lithium-Sulfur
Batteries. Inorganics. 2023, 11, 86.

a) Liu, P.; Ma, Q.; Fang, Z.; Ma, J.; Hu, Y.S.; Zhou, Z.B.; Li, H.; Huang, X.J.; Chen, L.Q.
Concentrated dual-salt electrolytes for improving the cycling stability of lithium metal
anodes. Chinese Physics B. 2016, 25, 078203. ; b) Andersson, E.K.; Sangeland, C.;
Berggren, E.; Johansson, F.O.; Kiihn, D.; Lindblad, A.; Mindemark, J.; Hahlin, M. Early-
stage decomposition of solid polymer electrolytes in Li-metal batteries. Journal
of Materials Chemistry A. 2021, 9, 22462-22471. ; ¢) Yu, W.; Yu, Z.; Cui, Y.; Bao, Z.
Degradation and speciation of Li salts during XPS analysis for battery research. ACS
Energy Letters. 2022, 7, 3270-3275.

A) Yan, C.; Yao, Y.X.; Chen, X.; Cheng, X.B.; Zhang, X.Q.; Huang, J.Q.; Zhang, Q.
Lithium nitrate solvation chemistry in carbonate electrolyte sustains high-voltage lithium
metal batteries. Angewandte Chemie International Edition. 2018, 57, 14055-14059. ; b)
Yao, Y.X.; Zhang, X.Q.; Li, B.Q.; Yan, C.; Chen, P.Y.; Huang, J.Q.; Zhang, Q. A compact
inorganic layer for robust anode protection in lithium-sulfur batteries. InfoMat. 2020, 2,
379-388.

Zhang, X.Q.; Chen, X.; Hou, L.P.; Li, B.Q.; Cheng, X.B.; Huang, J.Q.; Zhang, Q.
Regulating anions in the solvation sheath of lithium ions for stable lithium metal batteries.
ACS Energy Letters. 2019, 4, 411-416.

Zhang, X.; Cui, Z.; Manthiram, A. Long-Life Lithium-Metal Batteries with an Ultra-High-
Nickel Cathode and Electrolytes with Bi-Anion Activity. Advanced Functional Materials.

2023, 2309591.

170



Chapter 8

Conclusions and future recommendations

This PhD dissertation has been majorly concerned with addressing solid-solid and solid-liquid
interfaces and/or interphases issues between electrolyte and battery electrodes in lithium batteries.
Solid-state lithium metal batteries (SS-LMBs) with ceramic-based oxide electrolytes hold great
promise as the next-generation lithium batteries due to their reliable safety, high-energy densities,
and excellent mechanical and thermal stabilities. However, attaining practical SSBs remains
challenging because of the point-by-point interface contact between electrolytes and electrodes.
The first part of this work had resolved the Ti** cation reduction issue of perovskite-type (LLTO)
electrolytes towards Li-metal anodes. It was found that Ti*-ions reduction leads to increased
interfacial resistance of Li-ion migration at the LLTO|Li-metal interface in symmetric Li|LLTO|Li
cells. The use of solid-gel hybrid approach effectively prevented Ti** cations reduction and
decreased interfacial resistance while in contact with Li metals by coating PEO-LiTFSI-SN
(35:30:35, wt.%) gel on the surface of LLTO pellets. The flexible gel at the interface acted as a
buffer layer to alleviate SSEs stacking pressure during the battery assembly. It was recommended
that a design of SSBs with a flexible coating may beneficial to avoiding severe SSEs cracking from
assembly.

Aside from the anode interface approach in SSBs, this thesis had significantly improved the
SSEs|cathode interfacial contact when using solid-liquid hybrid approach. It was found that the
addition of liquid electrolyte (LE) improves the initial physical contact between garnet-type
(LLZO) SSEs and NMC 622 cathode and enable the cycling of SSBs. Synchrotron-based X-ray
technique (e.g., scanning transmission X-ray microscopy associated with X-ray absorption
microscopy) was applied to identify unique interphases in hybrid SSBs. After the 1*

charge/discharge process, liquid electrolyte was decomposed and reacted with LLZO to form a
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new-identified interphase designated as solid-liquid electrolyte interphase (SLEI). At the same
time, a 50 nm thick cathode-electrolyte interphase (CEI) was observed on the outer edge of NMC
622 cathode by ptychography-mode STXM (with a spatial resolution of ~10 nm).

The last part of this work had designed a novel type of concentrated liquid electrolyte to establish
a robust SEI in LIBs. Detailed chemical and structural insights into SEI evolution on Li-meal
anodes needs to be carefully monitored. The developed LE may be adapted to acts as the interfacial
additives in SSBs.

Overall, we found that hybrid solid-state electrolyte synergistically combined the advantages of
SSEs and liquids and enabled improved electrochemical performance of SS-LMBs. There are a few
promising avenues to advance hybrid solid-state electrolytes in the future as a solution for
implementation of practical SSBs.

One area of improvement is to optimize the quantity of liquid additives and their chemical
compositions to promote the formation of a chemically stable, thin, and efficient SLEL It is
recommended that surface coating and microstructural design (e.g., core-shell structure) of Ni-rich
NMC cathodes are necessary to prohibit battery failure. Moreover, the phase change of liquid
electrolyte in hybrid SS-LMBs should be evaluated in real-time during the battery operation using
advanced in operando techniques. It would be essential to clarify the consumption of LE at different
charge/discharge stages and reveal their influences on the capacity degradation in the cells.
Another area of improvement is to combine the surface structuring of SSEs with the usage of liquid
additives at the SSEs|battery electrode interfaces. It is recommended that the surface contact area
between SSEs and battery electrodes could be further increased by structuring the surface of SSEs
(e.g., laser processing and three-dimensional printing) with micro-/nano-patterns. In this way, more
pathways for Li-ion migration at the interfaces are provided that could lead to improved battery

performance of hybrid SSBs.
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When developing a concentrated precipitation electrolyte (CPE), a theoretical understanding of its
Li* solvation/de-solvation structure (e.g., molecular dynamics simulation and density functional
theory) could help with electrolyte composition adjustments to further improve the battery
performance. Furthermore, the CEI structure and composition should be evaluated to guide the use

of high-capacity cathode chemistries (e.g., Ni-rich cathodes) with CPEs.
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Chapter 9

Appendix 1: Supporting information for Chapter 4

(B)

Figure A9.1. SEM pictures of pristine LLTO powders: (A) granular LLTO; (B) milled LLTO;

and (C) mixed LLTO.
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Figure A9.2. SEM pictures of the surface morphology for sintered mixed pellets with different
weight ratio between G-LLTO and M-LLTO: (A) 60:40; (B) 65:35; and (C) 70:30.

Figure A9.3. SEM pictures of the surface morphology for sintered mixed pellets in air at: (A)
960 °C; (B) 1050 °C; and (C) 1170 °C.
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Figure A9.4. SEM pictures of cut-off sintered pellets: (A) white LLTO; and (B) black LLTO
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Figure A9.5. SEM pictures for the surface coated LLTO pellets by: (A) PEO; (B) PEO-LiTFSI;
and (C) PEO-LiTFSI-SN and EDX mapping of C, O, N, F, S elements for each coated LLTO.

(color change after contacting with Li).
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Figure A9.6. Arrhenius plots for coated pellet during 30 °C-60 °C.
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Figure A9.7. Photographs of LLTO pellets after cycling coated by: (A) PEO; (B) PEO-LiTFSI;
and (C) PEO-LiTFSI-SN.
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Figure A9.8. Cycling performance of symmetric Li | un-coated LLTO | Li cell at different

current densities (tested at 60 °C).

Table A7. Summary of activation energy for coated-LL.TO electrolytes.

Interfaces Activation energy (kJ mol!)
PEO 131.06

PL 14.85

PLS 22.30

Table A8. Summary of the total ionic conductivity for LLTO coated by six interfaces in
symmetric Li cell (tested at 60 °C, increased current density). Rt contains Rpuik (the resistance
of the LLTO pellet), Rinertace1 (the polarization resistance between PEO-based layers and Li
metal), and Rinerface2 (the interfacial resistance between coated layers and LLTO pellet). R; (ohm

cm?) is Riw/surface area(cm?) and R, (ohm cm™) is Riw/thickness (cm).

Current
Stable potential  Riotal Ri(ohm R2(ohm Oiotai(MS
Interface  density (mA
(mV) (ohm) cm?) cm) cm)
cm?)
0.01 50 282942  1601.13 37725.62 0.015
PEO 0.02 46.85 1325.58  750.13 17674.45 0.032
0.04 84.5 119543  676.48 15939.07 0.036
0.01 0.45 25.46 14.41 363.78 1.89
PL 0.02 0.8 22.64 12.81 323.36 2.13
0.04 1.55 21.93 12.41 313.26 2.19
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0.01 0.7 39.61 2242 565.88 1.21

PLS 0.02 2.85 80.64 45.63 1151.98 0.60

0.04 7.25 102.57 58.04 1465.24 0.47

177



Appendix 2: Supporting information for Chapter 5

Figure A10.1. (a) SEM for the cross-section of LLBZTO SSEs; and (b-f) EDX analysis of Ba,

Ta, La, Zr, and O elements.
In Figure A11.2, the top-view digital image of opened cell indicated that the active cathode
completely separated from current collector and certain residual retained on the LLBZTO surface.

No liquid was found in the cell after 28 cycles after being dissembled in an Argon-filled glovebox.

Figure A10.2. Top-view digital image of un-washed LLBZTO SSEs with remained NMC
cathode (middle) and SEM images for the surface of LLBZTO SSEs.
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Figure A10.3. Zoomed-in NMC 622 region of S_O1 (scale is 1 pm).

Table A9. Apparent density of garnet electrolytes.

Sample numbers Diameter (cm) Thickness (mm) Dry weight (g)  Density (g cm™)
#1 1.02 0.881 0.2975 4.132576
#2 1.03 0.84 0.2869 4.099085
#3 1.02 0.818 0.2771 4.145653
Average value 1.02 0.85 0.29 4.13
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Appendix 3: Supporting information for Chapter 6
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Figure A11.1. (a) Cycling performance at ~0.05C. (b) Galvanostatic charge/discharge curves at
~0.05C.

Figure A11.2. FIB-SEM image of NMC 622 secondary particles after 1 cycle. (a) Top view.

Yellow arrows show various locations of cracks. (b) Cross-sectional view. The region highlighted

in navy blue is one NMC 622 secondary particle.
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Figure A11.3. (a)-(b) Cross-sectional view FIB-SEM images of NMC 622 secondary particles
from different spots after 28 cycles. The regions highlighted in navy blue are NMC 622

secondary particles.
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Figure A11.4. (a)-(b) Ptychography STXM amplitude images for surface and inside (bulk) of 1-
cycled NMC 622 secondary particles. (c)-(d) XAS spectra for surface and inside (bulk) of 1-
cycled NMC 622 secondary particles.
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Figure A11.5. XAS spectra for NMC_28. (a) O K-edge; (b) F K-edge; (¢c) Mn Ls-edge from
repeated STXM mapping of the same sample region.

AA2108140580t ovg: 525,00 — 551.00 eV 0 ,,0})
: LalP RS
o (C) 0 K-edge ] Cluster 1
s f
g i
3 |
£ i
& i
£ A i
=} i
(=] H
525 530 535 540 545 550

Photon energy (eV)

Figure A11.6. (a) Ptychography STXM amplitude image. (b) Elemental distribution mapping at
the O K-edge of the region between the 28-cycled cathode and the garnet electrolyte. (c) XAS
spectra of the O K-edge.
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Appendix 4: Supporting information for Chapter 7

Figure A12.1. Photo of the dissolution state for (a) 4 M LiTFSI (4) and (b) 2 M LiTFSI+4 wt.%

LiNOs (2+4) electrolytes after being well mixed at room temperature.

Table A10. Li-ion transference number of 1+1, 1+2, 2+2, and 4+2 electrolyte.

Electrolytes  I*[uA]  R)[ohm] RY[ohm] R{j[ohm] Lyt

1+1 1.69 39.86 33.73 1885.49 0.01
1+2 3.24 21.39 5.09 2516.89 0.03
242 9 13.6 10.2 1811.8 0.02
4+2 8.1 38.18 16.67 743.61 0.08
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Figure A12.2. a) Cycling performance and (b) Coulombic efficiency of Cu|LFP cells with 1+1,
142, 2+4, 4, and 4+2 electrolytes at 0.05C. Galvanostatic charge-discharge curves of Cu|LFP
cells at 0.05C with (c) 1+1 and (d) 4+2 electrolytes.
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Figure A12.4. Top-view SEM images of Li deposited on LiO foils in Li|LFP cells with 1+1, 142,
2+4, and 442 after 1, 3, 5, and 10 cycles at a current density of 0.05C (the scale bar is 2um).
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Figure A12.5. XPS profiling of the SEI layer on ultrathin Li® with the 1+1 electrolyte after 1, 3,
5, and 10 cycles: (a) C Is; (b) F Is; (c) N Is; (d) Li Is.
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Figure A12.6. XPS profiling of the SEI layer on ultrathin Li° with the 4 electrolyte after 1, 3, 5,
and 10 cycles: (a) C Is; (b) F Is; (¢) N Is; (d) Li Is.
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Figure A12.7. S 2p XPS profiling of the SEI layer on ultrathin Li® with the 4+2 CPE after 1, 3, 5,
and 10 cycles.
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Figure A12.8. XPS profiling of the SEI layer on ultrathin Li® with the 2+4 CPE after 1, 3, 5, and
10 cycles: (a) C Is; (b) F Is; (c) N Is; (d) Li Is.
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3 place, 5 Battery and Energy Storage Conference Poster Session, November 2023.

I** place, Women in Science and Engineering | Engineering and Computer Science
Graduate Poster Competition, March 2023.

3" place, Emerging Materials and Processes: Design and Development | Engineering and
Computer Science Graduate Poster Competition, March 2023.

Appeared in NRC’s Echo Newsletter in recognition of outstanding research achievement,
December 2022.

3" place, 3-Minute Pitch Competition | Canadian Chemical Engineering Conference 2022,
October 2022.

Best paper presentation, Energy Symposium | Canadian Chemical Engineering Conference
2022, October 2022.

“Highly-cited Articles in 2021”. (Yan, S. et al. 2021. Batteries, 7, 75).
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