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Abstract

Growing adoption of electrified transportation (e.g., electric vehicles and electiaft) is promoting
research efforts into renewable and clean energy storage technologies. Hence, in redbatgéasbeen
great interest in developing next-generation battery technologies such as solid-giatenital batteries
(SS-LMBs) that when compared to existing liquid-based lithium-ion bestériBs), provide a compelling
potential to boost energy density (cell energy per mass or volume) and safetyecisticac Despite the
promise, the practical application of SS-LMBs is dominantly impeded by the satidistérface
challenges between solid-state electrolytes (SSEs) and battery electrodes.sbljdsthte electrolytes
that combine bulk SSEs with a tiny amount of liquids (e.g., gel or liquid elgefy@re proposed as an
interim approach to improve the SSEs|battery electrode interfacial contaatBybmid SS-LMBSs, there
are different interfaces (i.e., the two-dimensional boundary between bulka®8Hsilk electrodes) and
interphases (i.e., the three-dimensional layer that is a resukwéiisible reactions between electrolyte and
electrodes) that need to be investigated to unravel their roles in elextrical performance of the cells.
Herein, multiscale post-mortem techniques are used to study the inteafatdsaterphases between
ceramic-based oxide SSEs (e.g., perovskites and garnets) and the two eleziggdasiietal anodes and
Ni-rich cathodes). The experiments reveal structural changes associated Witloresdén the chemical
composition of solid-electrolyte interphase (SEI), cathode-electrolyte intergdad), and solid-liquid
electrolyte interphase (SLEI) during cycling in different cell configuratiomd tlae results offer guidelines
for designing physiochemically stable interphases and thus prolonging cycle life.

Chapter 1 introduces the background and motivation of this thesis, the thesisrepputi the thesis
structure while Chapter 2 reviews the fundamentals of both liquid-state htBS&-LMBs as well as
explains various interface and interphase phenomena and challenges in diffeesnof batteries. In
Chapter 3, experimental methods and representative characterizations used in Chapterse$ehted.p
In Chapter 4, the anode interface in hybrid SS-LMBs between Li mefalaid perovskite-type SSEs

(Lio2da057TiOs, LLTO) is studied. The electrochemical stability of LLTO SSEs coated wide tholy
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(ethylene oxide) (PEO)-based interfacial layers is also investigatedolinid that the gel PEO-lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)-succinonitrile (SN) effgety prevents LLTO reduction
against LY 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 NiNiglaMo 2Cp 2O,
(NMC 622) cathode and garnet-typeg(liaz Bap.1Zr1.4Ta0.6012, LLBZTO) SSEs is explored. The results
reveal the formation and chemical composition of two interphases (e.g., SLEI and CEIl) after didging a
guantity (214 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 misoh&n the SS-LMBs is
reported, wherein the microstructural and chemical phase changes, oxygen vacanignf@assatiated

with transition metal dissolution, as well as contributions from Sald CEIl play key roles in the
deterioration of battery performance.

Finally, Chapter 7 reports how the chemical composition of the liquid elgetr affects the
physicochemical properties of the SEIs in LIBs. High concentrations of LiTFSithan nitrite (LINO3)

are employed to create a concentrated precipitation electrolyte (CPE) anahfiaonganic-rich (e.g., LiF,
LisN, and LkO) SEI on the surface of Lanodes. The precipitations in the CPE act as a reservoir for salting-
out salts, leading to stabilization of the LiTFSI and L§N&duction on the Lisurface for stable cycling

performance.
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Chapter 1

 QWURGXFWLRQ

1.1 Background and motivation

SORGHUQ VRFLHW\ LV FRPSOHWHO\ GHSHQGHQW RIQQBVILO IX
UHSODFHPHQW IRU WKH L Q Vetated@P Qohh FeRdEIXdWiH RQ isHvidely Q H *
regardedDV WKH IDWKHU Ribn\aReGids\ 1-NBsiO3olar KahdXwind power are two
popular renewable energy sources; however, their intensity fluctuates withatich location.
Renewable energy sources must therefore be stored and made available on demand.

Batteries potentially offer a long-term solution as a crucial enabldieitibitates renewable energy
storage and generation. Electrifying transportation is currently leading globabalezation;
technical advancements and initiatives in portable devices and electric m®lf#itg., electric
vehicles and electric aircraft) heavily rely on rechargeable LIBs. Since Samynfarketed
rechargeable LIBs (e.g., using graphitic carbon as anodes and layered oxides as ¢ath@gis)

many attempts have been made to optimize the overall LIBs chemistry (e.g., elecietjtedes,

current collectors, and separatots).

Dominating commercial cells only manage to sustain around 250 WHdkg700 Wh 1), as
illustrated in Figure 1.1(a) when compared to data from 2021 to2a28imary goal propelling

the development of next-generation LIBs is to maximize the attainable sgawfigy (cell energy

per cell mass) and energy density (cell energy per cell volume). Battery 5@@ticongunded by

the US Department of Energy aims to produce cells with an energy density of 500\t kg
almost 1 kWh).2 By applying lithium metal (19 anode and LiNisMno 1C.10. (NMC 811) as

the cathode, the specific energy is being approached to fabricate cells with 450 \Whégell

cost has simultaneously dropped from around USD$ 5,000 to USD$ 100 per kWhcai® ¢huti

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 rgf)&ost
reduction of lithium batteries and increase in energy density ®)Viniage adapted from ref. [4].

Solid-state batteries (SSBs) have been in the race to transform the efigmiesand high energy-
density storage systems. The SSB technology is compelling, with remarkable loagtikshirom
commercial companies including Samsung, SolidPower, QuantumScape, and Toyotaolidsing s
state electrolytes (SSEs) rather than flammable liquid electrolyiess (esults in improved safety
and allows the incorporation of Lanodes coupled with high-capacity cathodes (e.g., Ni-rich
cathodes) inside the batterfes.

Nevertheless, there are numerous challenges that need to be overcome to fetgotbstial of
SSBs? Among these are the lack of stable Li-ion conducting SSEs and the solid-selfddat
between SSEs and electrodes. Furthermore, the large volume change of electiogeycling

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 agerdnd/or interphase phenomena
with ceramic-based SSEs for the development of efficient and higgyedensity solid-state

batteries.



Among those reported SSE materials, perovskite-typesflia »oTiOs, LLTO) and garnet-type
(Li7sLasZr012, LLZO) materials are some of the most researched because of their exhelerat
stability (>1000 °C) window, high shear modulus (e.g., ~60 GPa of LLZO), relatively high Li-ion
conductivity at 258 (>10*S cmt versus <16 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 LLTOAs 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, have a low intrinsic Li
conductivity (e.g., <18S cm! at room temperature) with low relative density (e.g., <95%).
Particularly, both sintering temperature and sintering time influence the denSBEef

2. Lican be intercalated into LLTO at voltages lower than 1.8 V, leading to theticadof
Ti** cation and hence increased electronic conductivity. It is thus necessatotiuce
coating layers upon LLTO and physically separate it from direct contact with Li.rerei
the second goal is to prevent the*Teation reduction and study the electrochemical
performance of LLTO SSEs while coated with different interfacial layeig,(metals,
metal oxides, and polymers) against Li in symmetric Li cells.

3. 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 apphascheen
suggested as an interim solution for the transition and implementdt®8RBs as they
contain a tiny amount of LE at the cathode interface to minimize the in&ifapedance.
However, this approach is still in its infancy and the field urgently needs @ dee

understanding of the role of LE and related failure mechanisms on the battersnpece.



Therefore, the third goal is to investigate the function of LE, identifgrént interphases,
and reveal the failure mechanism of hybrid SSBs via synchrotron-based Xhaigtees.

4. The composition of LEs is essential to form a stable solid-electrolgipivdse (SEI) layer
on the L? surface. Hence, the last goal is to optimize the physicochemical propétties
SEI using a dual-anion concentrated LR Q& 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 andiSBBssented.
Different solid-liquid interfaces in LIBs and solid-solid interfaces S8Bs are reviewed,
respectively. This chapter is derived from a book chapter publistigttirclopedia of Solid-Liquid
Interfaces (Elsevierand a review paper publishedBatteries

In Chapter 3, experimental approaches are provided. It includes infonneetticharacterizations
and technigues not covered in the experimental sections of the research papers.

Chapter 4 is derived from a research paper publish&dantiers in ChemistryThe effects of
sintering temperature on the microstructure and Li-ion conductivity @iQLhre discussed. The
chemical instability of LLTO again Lianodes 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 puhligtedgburnal of
Physical Chemistry CThe role of liquid additives at the cathode interface between LLZO and
LiNi 0.6MnoC 202 (NMC 622) cathode is revealed via scanning transmission X-ray microscopy
(STXM) associated with X-ray absorption spectroscopy (XAS). The synergeticseffesolid-
liquid electrolyte interphase (SLEI) and cathode-electrolyte interphase ¢@Etpe capacity fade

of SSBs are discussed. Supplementary information related to both papers is/féypemndix 2

and Appendix 3.



Chapter 7 is derived from a research paper submitted thotlveal of Power Source#t reports a

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

and forming a robust SEI in advanced LIBs. Supporting information related ymathes 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 dissertati
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Chapter 2

ILWHUDWXUH UHYLHZ

This chapter has been adapted from a book chapter publisBedynlopedia 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).

2.1Liquid-state lithium-ion batteries

Using lithium (Li) batteries for renewable energy storage is a prasthaion to cut greenhouse
gas emissions at the industrial level of grid electrification and atbeertransportatioh Sony was
the first to introduce rechargeable lithium-ion batteries (LIBshéomarket in 1991. LIBs have
been widely utilized in many commercial applications, such as electronic desieesic or
hybrid-electric vehicles, electric aircraft, and stationary energy storage systems.
The energy density of LIBs with liquid electrolytes (LEs) commonly rangss 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 (LIM@, e.g., LiICoQ) cathode, and an ion-conducting electrolyte embedded
in a separator consisting of a solution of a Li salt (e.g., lithium hexafluorpbaies LiPk) in a
mixed organic solvent (e.g., ethylene carbonate/diethyl carbonate). A tydabhfiguration is
based on the CJLiRFn ethylene carbonate/diethyl carbonate|LiM@terpreted as: graphite
DQRGH_/L VDOWY GLVVROYHG LQ RU jdie® twb pHaR&)YaddperatasV /(_F I
on the following chemical reaction:

yC+LiMO, ” Li,C,+Li(1-X)MO, x NO.6, y = 6, voltageN3.7 V
The working principle of LIBs relies upon the Li-ions moving back and forth betle= two
electrodes within the battery during the charge/discharge process. Correspondegdaation
above, when the battery is charged, the Li-ions are extracted from the ta#t@de and transport

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

7



into the layered structure of graphite to formQ@,i(x 80.5 and y = 6) and then the Li-ions return
to the cathode when it is discharged (or recharged). The movement of the Li-ides trea

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 constrainké by t
limited electrochemical stability window and low-level energy densities (icen 00 Wh kd to
150 Wh kgY). The electrochemical stability window is commonly referred to the patent
difference between the cathodic and anodic limits (set by the reference f Wifieire the solvent
is reduced and oxidized respectively. The electrolyte will react at the eleicttexdace outside of
this window, causing undesired side reactions and thereby deteriorate battery performance.
Due to its ultrahigh theoretical specific capacity (3860 mAf and lowest electrochemical
potential (-3.04 V versus the standard hydrogen electrode), Li metalqlilternatively applied
as the anode to increase the energy density and expand the electrochemitglvatadoiw. In
particular, when paired with different types of cathodes, the obtainectai ivatteries (LMBS)

can dramatically increase energy density compared to the conventional LIBs.



The working principle of LMBs in the charge and discharge process is describedas:f(thke
the example of Li metal oxide as the cathode: L¥MO
Anode reaction: XL xLi*+xe

Cathode reaction: yLi(1-x)M@XxLi*+xe " LIMO
The entire charge and discharge process is similar to the one in LIBs. Durahguthimg process,
the Li-ions are released from the layer-structured LiM@hich migrate through the electrolyte
and electrically plate on the anode as Li. During the discharging prdoeds;ibns are stripped
from the anode and returned to the cathode side.
Traditional LMBs with LEs have a long history of safety issues due to electtebitage and
flammability. Furthermore, LEs have other significant limitations tiaae hampered further usage
of LIBs at the industrial level. These issues include 1) narrow operating e/¢iagv); 2) low
energy density; 3) short cycling lifespan during the charge and discharge prdddsderdrite

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 kinetcglires a thorough understanding
of solid-liquid interphases. In this chapter, two typical interphasedrefly reviewed: solid-
electrolyte interphase (SEI) and cathode-electrolyte interphase (CEI), whichmainly

encountered in LIBs.

2.2.1Solid-electrolyte interphases (SEI)

In situ SEI formation and compaosition

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 rédgirtarbonated-based organic

electrolytes could electrochemically decompose on the electrode to form a passiyatr? Peled



named it a solid electrolyte interphase (SEI) because it acts as alsotidlyte and functions as

an electrical insulator and an ionic conductor.

Goodenough et al. firstly proposed and simplified the SEI formation rfidded.SEI layer forms

when the redox potential of the electrodes lies outside the electrochenmchiwvof the

electrolyte, as indicated in Figure 2.2. The electrolyte is stable in the batterytiehtowest

unoccupied molecular orbital (LUMO) is higher than the Fermi energy of the ;astbdewise, the

electrolyte is unstable and can be reduced by commonly-used anodes (e.g., silicmaodes).

During the initial charging cycles, the SEI layer will accumulate at the aneckeddyte interface

via electrochemical reduction and the decomposition of electrolyte components.

Energy
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Figure 2.2.Schematic energy diagram of an aqueous electrolyte at bpeb-F X L W D/QVd®D W H
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are the anode and cathode work potentiaJss Ehe electrochemical stability window of the

electrolyte. \{ 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 ir2F3ga)ye

the initial SEI components for carbonated-based LEs (e.g.s lnRFEhylene carbonate solvent) in

LIBs are predominately made of reduction products from the salt and solvent, ditbiuas

ethylene dicarbonate (LEDC) and lithium fluoride (LiF). As shown in FiguBéh2and (c), LEDC

undergoes continuous decomposition reactions, resulting in an evolving SEI madeaniaty
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soluble organic species (e.g., semi-carbonates and polymers), as well as irangg@oicnds (e.g.,
LiF, Li»O, LIOH, and L}COs). 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 LiP§feduction 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 contacteérethe L9
anode and the electrolytes, leading to undesired interfacial reactions &atoleu®&El formation.
This unstable SEI film that initially forms on the°Lsurface 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 subskeguent
dendrites formation;

2) The brittleness of SEI fails to withstand the volume expansiorfof 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 whe&ns&imove from
electrolytes and deposit ontdlLinder the external stimulus. Whisker-like Li dendrites are mostly
observed in liquid-state LIBs but are less common in $&@sides, Li dendrite easily forms from
mosaic SEI and grows upon the roughdiirface, as shown in Figure 2.4¢b).

During further cycling, the Li stripping/plating process generally includes four stepsgire

2.4(c)): 1) the Li plating causes a volume expansion 9fleading to the initial SEI crack; 2) Li
dendrites grow to shoot out through the cracks; 3) Li stripping produce®sblgtwvhich is part

RI uGHDG /LY DQG 6(, XQGHUJRHV FRQW LQWORX ¥ tHitk[BEIW X U H
and porous L% anode'®!! Such an unstable SEI associated with Li dendrite causes exce$sive Li
and electrolyte consumption, which harm energy density and Coulombic efficiencth€Qtio

of discharge capacity and charge capacity) of LMBs. Besides, the fractured anddeo#&etes

may lead to severe generationplGHDG /LY GXULQJ F\FOLQJ

Generally, the failure mechanisms of a SEI could be categorized into three tgpesl tkhemical,

and mechanical failures. Thermal failure originates from the elevated intermaérature of the
battery during the operation. In other words, SEI is chemically unstable andtentigievolves

over cycling. The SEI components constantly change due to the extensive meta-stable SEI species.
Increased concentration of decomposed salts might induce side reactions amortglti&Eini
components. The intense chemical reactions would damage the vulnerable SEI andtayse ba
failure. The tensile and compressive strains produced during cycling leadiedhanical failure

of SEI, which in turn cause fracture and breakage issues.
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(a)  Momholoay image Schematic (b) Inhomogeneous SEI on rough surface
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Figure 2.4.Schematic diagrams of: (a) various morphologies of electrodeposited lithium. Image
adapted from ref. [8]. Copyright @ 2019, The Auth@¥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.

Avrtificial in situ SEI

Li° anode is a conversion-pattern host-less material that encounters infinite volunge dbeng

the plating/stripping process. This property inevitably leads to anode|elextiokgrface
instability, causing a fractured or even collapsed SEI. The SEI serves mulislénrdetermining

the cycling performance of Lianodes, which generally includes limiting side reactions at the
interface and promoting uniform metal deposition by regulating the Li-ion flux.

An ideal SEI needs to have chemical stability, extraordinary Li-ion conductivibhigh modulus,
simultaneously, and be a suitable buffer layer to block its direct contact with ttlgte.
Furthermore, the characteristics of SEI growth is a key indicator whether dematites form.
Many works have been directed toward the design of an artificial SEI%anode. Two general

requirements are necessary to establish a stable SEI: 1) SEI should have a stiticipiiase
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uniformity; 2) SEI should be mechanically robust, displaying sufficient teeggto withstand the

Li plating/stripping associated expansion/contraction.

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

Organic materials have great flexibility and excellent compatibility withtreldes, which allows

for regulating Li-ionGLIIXVLRQ DW WKH LQWHUIDFH /L FDUER[\ODWH ZL
flexibility is promising to be applied as an artificial organic-rich &fer to suppress dendrite
growth. However, the naturally formed SEI always has short)¢CBOLI; while long-chain
carbonate tends to be less flexible. To address this issue, Kang et al. falzricarbdxylate-
protected Li (CPLIi) byn situ spontaneous reaction between carboxylic acid of moderate carbon
chain length (5 carbon atoms) and.¥siCompared to bare Li as shown in Figure 2.5, a uniform
layer of CPLi with a thickness of Em via spin coating could effectively avoid the dendrites
formation in 1 M lithium bis(trifluoromethane)sulfonimide (LiTFSI) in34ioxolane/1,2-

dimethoxyethane (DOL/DME, v/v=1:1) by extending the cycle life to over 1000h at 0.5 A 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 amapted fr
ref. [12]. Copyright @ 2020, Elsevier B.V.
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Compared to polymers, inorganics have a higher mechanical strength and ionic condlctity.
al. designed a EPQ:-SEI layer byin situ reaction of polyphosphoric acid with®and its native
SEI* The uniform LiPQ, could reduce the side reaction betweehdrid the electrolyte, as
evidenced by X-ray photoelectron spectroscopy (XPS) spectra of modifieBelw electrolyte
reduction products are on the surface at open-circuit potential or even after cycling.

Hybrid materials combine the merits of flexibility and rigidity framnganics and inorganics,
respectively, fabricating a multifunctional protection layer on thé &node. However,
conventional organic-inorganic SEI cannot accommodate the volume chatihgeldfanode. A
novel hybrid (e.g., polymer-inorganic) artificial SEI layer reported by Gao. elsatl a reactive
polymer composite (RPC) as the SEI precursor. This SEI consists priofguibyymeric Li salts
embedded within nanoparticles of LiF and graphene oxide (GO) nanosheets. The polymer
nanoparticle composite is dense and homogeneous, providing good passivation propsities, B
the GO nanosheets confer mechanical strength and help prevent Li dendrite'¢jidwetiaddition

of more inorganic salts (e.g., LiP&nd lithium nitrite, LINQ) into the electrolyte could increase
the contact ion pair and aggregate solvates to form an inorganic-rich SEI. dliuused the
dimethyl sulfoxide (DMSO) as a LiNgsolubilizer to promote the preferential reduction ofsNO
ions!® LiINOs-S electrolyte significantly stabilizes the Li deposition behavior compared toztiNO

free electrolyte.

Avrtificial ex situ SEI

The formation of aex situartificial SEI on L anode could be mainly carried out via deposition
methods (e.g., chemical and physical vapor deposition) or solution casting. In genenahedrgy

cell with LE is assembled and cycled. Afterward, the cell is disagsdrahd theex situartificial

SEI on LP anodes is obtained. Pre-cyclind Wiith an optimized LE could initiate a robust SEI
formation and thus significantly stabilize thé|kolid electrolyte interface. Compared to ithsitu
formed artificial SEI, theex situSEI has a precise thickness and composition. But the fabricated
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coating layers cannot always maintain a sufficient contact whhlliing the cycling. Table 1

summarizes several artificiek situ6 (,V§ SURSHUWLHY DORQJ ZLWK EDWWHU\

Table 1.Selective artificiaex situ6 (,V] SURSHUWLHY DORQJ.ZLWK EDWWFE

Salts Solvent system SSEs  SEI Cell, cycling Initial discharge
composition  condition capacity, capacity
retention@cycles

M °DOL/’DME/FE  SLAGP  Li2COs, Li (SEN)['LFP, 0.1C 147.2 mAh ¢}, 96
ILITFSI  C(9:9:2, volume -*PEO  LiOH, LisN, % @ 200 cycle$
,Iwt.%  ratio) organic
LiINO3 composites of

ROCQOLI,

LiF
M DOL/DME/FEC LPSCI- LiF, Li,CO;, Li 135.8 mAh d,
LITFSI,  (8:1:1, volume PEO- LisN, organic  (SEI)|ALO:@NMC 89.3% @ 100
1wt.% ratio) LITFSI composites of 532, 0.1C cycles’
LINOs ROCOLI

Li bis-trifluoromethanesulfonimidé],3-dioxolane?1,2-dimethoxyethanéfluoroethylene carbonate,
5Li1sAlosGer s(PQy)s, Spoly (ethylene oxide)LiFePQ,

2.2.2Cathode-electrolyte interphase (CEI)
The intimate coating layer that forms on the positive electrode is known &s ghe cathode-
electrolyte interphase (CEIl). The CEl, in contrast to the SEI, is generated by the oxidatisa proce

and decomposition of LEs.

In situ CEI formation and composition

Thein situ CEI contains a high inorganic content (e.g., the decomposed LiF #b@slproducts
from the LE), and it serves as an electronic insulator on the cathodé®ldyeaniform and thin
CEl layer can protect the cathode surface from being consumed and the cafre&atrolyte by-
products. Moreover, the CEI layer can reduce voltage polarization by inhibiting the sidenseacti

of electrolytes. A CEI with an optimal chemical composition and straicstability is important to
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increase the cutoff voltage of the cathodes beyond the oxidation stabdigctiblytes. 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 Wlahd 800 Wh kg (charged

to 4.6 V (vs Li/Li"), about 220 mAh ¢), layered LiCoQ@ is competitive among various cathode
candidates. A primary challenge of LiCpl®s in the drastic structural change resulting from the
repeated deep Li intercalation and/or de-intercalation reactions. The reswdtthgnital damage
during high voltage cycling is directly related to battery fatigue. The presence@Ethayer on
LiCoO, was firstly proved by Goodenough et al. in 1983 he CEIl layer presents dynamic
evolution during battery cycling within the low-cut-off voltage range 4.2 V (v&il)i/while a
thicker CEI gradually accumulates with the increase of cycle number. When Li€ol@rged up

to 4.5 V (vs. Li/LT"), the CEI layer becomes less stable and decomposes. Surface modification of
LiCoO, with different oxides has been proposed to lower the high charge-transétaresiby
preventing the creation of the resistive CEl layer. Conventional coatingasaseich as Ll isO12,
LiNbOs, and LpO-SiG; generally have low Li-ion conductivities, which hinder the Li-ion
migration at the interface.

Compared to LiCog) spinel LiNbsMn1s04 (LNMO) shows a higher charge-discharge potential
plateau at about 4.7 V (vs. Lif)i Doping or surface maodification have been considered as two
efficient strategies to produce an inorganic-rich and chemically stabletdCovercome the
interfacial problems between LNMO and electrolytes.

As one of the high-voltage cathode materials, I, C0,0,, x+y+z=1 (NMC) series suffer from
poor cycling performance and rapid capacity fade due to cation mixing and oxygen nelease f
the surface. At the same time, a great quantity of Li residues (ex@.,alnd LiOH) always
accumulate on the surface and impact cycling.

Different strategies (e.g., CEl-forming additives and anti-oxidation solvents)demn applied to

the LE formulation to establish a robust CEI. The surface modification of the cathadeavoid
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the formation of the space-charge layer to some extent. Usually, the coating materials gew on th
surface of the cathode particle and reach a crystalline state after highaemgealcination,
leading to moderate compatibility with the cathdadesitu depositing an amorphous artificial CEI

with excellent structure compatibility and plasticity is another waytabilize the cathode

interface.

CEl advanced characterizations

A stable and conformal CEIl helps improve CE and overall capacity retentiore dfatkery.
However, unlike the negative electrode (or anode) SEI, many aspects of CEl remainduectear

the lack of effective tools to characterize the nano-scale structure. Therefore, advanced techniques
such asn situ atomic force microscopy, an operando attenuated total reflectiolesftnamsform

infrared (ATR-FTIR), and cryogenic transmission electron microscopy (cryo-TizMe been

used to analyze the CEI lay@r.

&XLYV JURXS LQYHVWLIJDWHG WKH FKHPLFDOF@BWXMNRRI &(, YL
and the sample preparation is shown in Figure 225(a)Figure 2.6(b) and (c), CEls have a vastly
different distribution and morphology on the electrode in different cycling states. Suldisequen
electrolyte decomposition would occur to form a continuous and conformal coatingaathbde
particles. In addition,0 D Q W KL U D Ru§ed timgRfXlight 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 selectigitgiated with region-of-

interest (ROI) analysis, enabling individual components to be observed independeritigs Bes
molecular dynamics simulation and machine learning have also been applied to ires¢lségat

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)dtaseted 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 c#llectors.

The anode, SSE, and cathode should all be void-free to attain high volumetgg dessity.
Additionally, the interfacial contact between the three layers must be suffidigtt to promote

Li-ion conduction across the layers. This movement of ions in and out results in cathade volu
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expansion and shrinkage. Therefore, the cathode must possess mechanical strengthternasis

cracking and delamination at the interface with S8&%s.

2.3.1Ceramic solid-state electrolytes

One of the potential SS-LMB configurations uses ceramic SSEs (e.g., garnets, peraiskjtes,
with a Li° anode and high-capacity cathod&€ompared to polymer SSEs, ceramic SSEs have a
relatively higher ionic conductivity at room temperature of410* S cm! and a wide range of

electrochemical stability window over 5 V (vs. LifLis indicated in Figure 2724
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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 déominidgion
and thus avoid short circuits of the cell. At the same time, many works have pmibhtbdt soft
Li still has a chance to propagate along the grain boundary regions of SSEs (e.g., polycrystalline

structure oxides}%®

NASICON
Naw+xZrSixPsxO12 " [” 1$6,&21 KDYH D UKRPERKHGUDO ofR8J XFW X UH

The rhombohedral structure is shown in Figure 2.8 where(¥Q., PQor SiQ) tetrahedrons and

MOe (e.g., ZrQ) octahedrons are associated with each other to form a 3D framewduikidor
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transportation. However, NASICON electrolytes possess poor chemical stabiliyds LP

anodes (e.g., Tications in Li.4Alo.4Ti1.¢(PQy)s can be reduced in direct contact witf &nodes¥®

c i ®

m° . WOy
“o -

™
Na(1)®

Figure 2.8.Crystal structure of NASICON-type oxides. Image adapted from ref. [26].

Garnet

The garnet structure has the general formuwBB.@04)s. A-sites are 8-fold coordinated, B-sites
are 6-fold coordinated, and X-sites are 4-fold coordinated. In Li-conducting garrietss btccupy
the tetrahedral positions as inylLésZr.O:2 (LLZO) of Figure 2.9. Li ions can occupy tetrahedral
8a, and octahedral 16f and 329 sites. To obtain appreciable ionic conductivity at roematerap

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

Li2) LiG3 Li(1)
@ K’

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 (>16 S cm' at room temperature) is roughly two orders of
magnitude higher than that of the tetragonal LLZO &$&m! at room temperature). Therefore,

LWLV VWURQJO\ QHFHVVDU\ WR VWDELOL]H WKH FXE&F SKDVH
DQG isf€en required to obtain the more conductive cubic struéture.

Compared to NASICON, LLZO has better chemical stability against metalgmd.ihigher Li-

ionic conductivity (>1¢ S cm! at room temperature). However, the ionic conductivity of cubic

LLZO is decreased as a result of the structural collapse that frequently occurs @lorigew

creation of second phases (e.g4re0;) during this high-temperature process. Numerous earlier
researches have shown that it is possible to promote the stabilization of lcabicid ZO by

adding doping element&?®

Perovskite

The perovskite structure has a general formula AB®e cubic cell consists of A-site ions (e.g.,
alkaline-earth elements) at the corners, B ions (e.g., transition metatdms)enters, and oxygen
atoms at the face-center positions. A-sites are in 12-fold coordination-aitesBare in 6-fold
coordination (B@) that share corners with each otffer.

Inaguam was the first to reportdaLisxTiOs (LLTO, 0.04<x<0.16) with relatively high and total
ionic conductivity of over 2 xIBS cm. LLTO shows wider electrochemical windows of 8 V (vs.
Li/Li *) than LEs that allows them to pair with high-capacity cathode raktée.g., Ni-rich NMC)
to achieve a high energy density of SS-LMBAdditionally, the cost of LLTO fabrication is much
lower than LLZO fabrication, making it more practical for commercializationf@lhas many
other advantages: 1) large ionic transference numbers (e.g., 0.5-0.9); 2) sctipemdical and
thermal stability (e.g., 4-1600 K) in air; and 3) environmental friendlinggout any release of

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

In SS-LMBs, the lack of intimate contact at the solid|solid interfaces betwedro@ééscand

ceramic SSEs results in high interfacial resistances. The interfacethres SS-LMBs can be

described via the charge transport between electrodes and*SBEd WHUP ULQWHUIDFHY |
contact condition, interphase formation, and energy status. The interfagtdmesithat hinders

Li-ion conductivity includes lattice mismatch, space charge regions, the formaiitergphases,

and the compatibility of Liwith the SSE interface. More details will be reviewed in the later

sections. Moreover, the chemical reactivity at interfaces has adversely ingpadiattery

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

2.4.1Hybrid solid-state electrolyte approach

Increasing demand for SS-LMBs has prompted intensive research into fasinisport at the
interfaces between electrodes and electrolytes. Inspired by the ideal lesgerssikd|liquid
interfaces in liquid-based LIBs, a popular approach to overcome interfacial isss®4_MBs is

by incorporating tiny amounts of liquids (e.g., LE, gel, ionic liquids, etc.) into tligef&Strode
interface to serve as an ionic bridge for fast Li-ion migration. Sublibad solid-electrolyte
approach simultaneously improves the interfacial contact and suppresses Li dendrite grow
opening up a new route to design Li batteries with increased energy density and exyaleded
life. For conversion-type Li batteries (e.g., Li-S batteries), a hybrid electrolyte aesigrining a
sulfide SSE and a liquid Li alloy solution anode could achieve a recordehigbnt density of

17.78 mA cnt.

SSE-gel

Inorganic ceramic electrolytes and organic polymer electrolytes suffer froblems of poor
physical contact and terrible chemical stability on interfaces betweenogites and electrodes.
Gel polymer electrolytes combine the advantages of LE solution and solid paigngplyte,

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

molecules.

SSE-liquid

LE undergoes am situ phase transformation inside the battery, going from a liquid state to a
(quasi) solid state under thermal or electrical conditions. In Figure 2i&GHbwn that before a
complete LE decomposition, LE with high mobility could easily fill oéd space at the cathode
interface and may potentially penetrate electrodes (e.g., porous cathodes); olbilénd
continuous LE decomposition, the newly-formed interphases (e.g., solid-liquid olsfectr

interphase) maintain their Lionic conductivity®.

(a) | (®) |

10193[[09 JUALIND N
apoue [elow-1]
91A[0193]2 JouIRD)

NMC 622 (Chemical phase
heterogeneity)

“ideal model”: liquid electrolyte decomposition D

Binder @@ Conductive carbon

Figure 2.10.Schematic drawing of theL G H D O yIRiGdel@-liquid approach: (a) less
intimate solid-solid contact between ceramic SSE and electrodes; (b) LE is addedhtidtle ¢
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 metadidbiguid

electrolyte interphase (SLEI) at the SSE|electrodes interfaces, which usoaipes 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 2.13%4" A better understanding of the SLEI function in the battery is essential to

smartly design a robust SLEI.

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
2022 Future
. The reaction mechanism of SLEI were 7‘ 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 growsmiitlerision
time increase during cyclirfy.The decomposition reaction may occur on the surface of SSE where
it is exposed to LE, as shown in region | of Figure 2.12(a). Howeverak amount of decay
product was also observed at the fresh intergranular fracture surface algnairtheoundary in
region Il. The thickness of SLEI is expanded, and the SSE surface becomes swellitigefrom
prolonged immersion time, corresponding to the further decomposition reaction. In Eif2 (s
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 organicatarbon
components, as supported by transmission electron microscopy (TEM) and a{f&$sadn Figure

2.12(d-f).
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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 éomiawioh of

the SLEI, including ion solvation, charge carrier re-distribution, and LE deconoposiggered

by the Lewis acidity of SSE. Besides, SLEI significantly impacts the stalcttability of
electrodes, interfacial stability, and Li-ion migration. However, this Skitt low conductivity
generates a significant ohmic loss in the battery, which causes a rapic fzatéery capacity.
Figure 2.13 shows that the thickness of SLEI increases over time in response to a Bididtive
formation, which increases the interfacial resistance of Li-ion transfleopping ion-conduction
mechanism for ionic transport across SLEI was reported by Busch&&allated ions in the LE
transit into SSE by desolvation and then migration through SLEI against a large endegy barr

(depicted in Figure 2.13 as kig).
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liquid electrolyte SLEIY _ solid electrolyte

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 skiaroh topic, it is still
difficult to fully comprehend how SLEI affects ionic migration. More impottarthe electrodes
need to be sufficiently wetted with a proper amount to improve the chemicaleatrdehemical
compatibility at the interfaces. In addition, a lack of high-resolution charadienzaethods

makes it hard to trace and probe SLEI during cycling.

The interphase between SSEs arfichhbdes

SSE is difficult to be used in commercial Li batteries due to its inheiggdity, which leads to

poor contact between SSEs anfldriodes. In addition, some ceramic SSEs are chemically unstable

with Li° due to the reduction of transition metal cations (e.d",idn reduction in perovskites and
NASICON). As a result, the addition of LE at the SSE|hterface could wet the interface to

minimize the interfacial resistance and form an SLEI to suppress the sitiengatthe interface.

However, LEs are limited by their inherent thermodynamic instability agaifistnbides. Super-
FROQFHQWUDWNOOWR Y RIDQWWHY DUH FRQVLGHUHG VDIHU WKI
solvent molecules are coordinated to the salt, thereby limiting side reabdbmeen the solvent

and the LY. Philip et al. reported the hybrid electrolyte for LMBs by adding a highlyifiated

ether-modified solvate to the surface of NASICON-type peifefhie permeation of concentrated
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LE highly relates to its viscosity and the porosity of SSE. Optimizing theoniposition could
reduce the cell resistivity that originates from the formation of SLEI.

A superbase (e.gn-Buli) is introduced into commercial LE to suppress th#H' exchange on
the garnet surface. Hence, LE decomposition and the formation of resistive SLEI can be inhibited.
Three primary benefits could be gained frarBuLi addition: (1) this Lewis base additive may
retard the decomposition reaction of LE; (2) it is highly proton withdrawing and esgopide
reactions; and (3) it lithiates the SSE|LE interface and consequently immpttevénterfacial
conductivity?®

The solubility of Li-salts in the solvent and the solvation effect can influencstabdity and
solidification of SLEI. For example, Fan et al. used DME-based LE that could form atalole
and compact SLEI with k5-P.Ss glass-ceramic SSEs due to the strongeP &isolvation effect
of DME than that of DOLI**** Meanwhile, the corrosion effect of DME on the 6ii 35 was

weaker than that of DOL.

The interphase between SSEs and cathodes

The incompatibility caused by the inherent chemical and electrochemical rgaectivihe
cathode|SSE interface has usually been overlooked. However, when coupling with NMCs;athode
there are inevitable side reactions that deteriorate interfacial stabilityg dovthe addition of
commercial liquid electrolyte. Additionally, the aggregation of space charge stii exdiross the
cathode|SSE interface, which is liable to hinder ionic transportation.

To improve the electrochemical compatibility between SSE and LE, Li et akedjys with dual-

salts (95 mol% LiTFSI: 5 mol% lithium bis(ethanedioato)borate (LiBOBXyvéen garnet-based
SSE and NMC 622 cathod&The addition of LiBOB in highly fluorinated solvents can reduce the
amount of highly resistive LiF species in SLEI, which not only accelerates i@ptd 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 1E: caging” process during
charge/discharge as shown in Figure 2.14(a) antf @ylymer SSE as a solid electrolyte and
separator enables the caging of lithium ions inside the battery, possibly by changing theiy linearit
in the polymer chain and crystallinity during cycling. The embedded struaftimdium tin oxide

(ITO) behind the polymer (e.g., poly(ethylene terephthalate), PET) canig@év¢orelectrolyte
resistance as it shields the large contact area between the cathode|88&s/ki @0 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 betweandLEI
garnet SSE due tim situ Li*/H* ion exchange and pointed out the importance of stabilizing the
EIL, as plotted in Figure 2.14(¢).The acidic molecule treatments can controllably restrict the
exchange depth and efficiently protect SSE from further decomposition.

a b i Caged (residual) Li* Caged (residual) Li*
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Figure 2.14.Schematic drawings of: (a) a hybrid cell design; (b)daiging 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.

2.5Review of perovskite SSEs for LMBs

This section has been adapted from a review paper publishedBaiteries (doi:

10.3390/batteries7040075).

2.5.1Introduction

Electrifying transportation and expanding the use of renewable energy sources require a
transformative energy storage technolé$3.Rechargeable lithium-ion batteries (LIBs) represent
one of the most promising energy storage technolég#€° LIBs have a much higher energy
density than conventional Nickel-Cadmium (Ni-Cd), Lead-Acid (Pb-Acid), Nickel-Hyatrdyli-

H.), and Silver-Zinc (Ag-Zn) batteries presented in Ragone plot (in Figure®25253.
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Figure 2.15.Ragone plot of lithium batteries. Image adapted from ref. [64]. Copyright@2011

Springer Nature Limited
However, high flammability and low thermal stability of organic liquiatetelectrolytes are the
major concerns for conventional LIB%%%67¢8 These issues can potentially be addressed by
replacing liquid-state electrolytes with non-flammable solid-staetrelytes (SSESF.%"t The
cells combined with SSEs could be operated at a wider temperature range witpraved

reactions kinetics at the cathode and anode. Furthermore, SSEs with widecledsical are
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more adaptable to high-capacity cathode materials (e.g., Ni-rich oxide ceathodes) and Li-
metal anodes, which can enhance the energy density (up to 70%) and cycling performance of the
cells’™

SSEs generally comprise polymers, inorganics (e.g., ceramic-based oxides) ahghttis of
electrolytes. Free-standing solid polymer electrolytes (SPES) could be prepared ugirapéne
crosslinkers followed by photo-polymerization asrasitu approachi*%3Gel SPEs are capable of
forming good interfacial contact with electrodé$>8 Both Li et al. and Yao et al. provided an
overview of current developments on the SPEs for £8%5The ionic conduction of SPEs is
achieved by ions hopping from one coordinating sites to another under an electdaddisted

by segmental motion of polymer chains in an amorphous phase above the glass transition
temperature. Unfortunately, most SPEs have low ionic conductivity at room tempétature.

The primary inorganic oxides SSEs are perovskites, garnets, NASICONSs, and LISICAN=t

al. comprehensively reviewed inorganic SSEs for #B3imilar to perovskites, hybrid polymer-
ceramic systems utilize ceramic fillers with garnets (LLZO) aspedsant into the polymer matrix
(e.g., poly(ethylene oxide) (PEO)-based, poly(acrylonitrile) (PAN)-based, an{vipglidene
fluoride) (PVDF)-based, etc’§:949.9%.9%89Goodenough et al. fabricated low-cost hybrid PEO-
LLZO electrolytes and applied in LiFeROi cells that delivered high discharge capacity of 139.1
mAh g! with capacity retention of 93.6% after 100 cyde&alco et al. innovatively prepared
cross-linked hybrid electrolytes to enhance ionic conductivity by mixing LLZO,uffithi
bis(trifluoromethanesulfonyl)imide (LiTFSI), tetra(ethylene glycol dimyetther) (G4) together
under UV-light®**1The fabricated hybrid electrolytes have an improved ionic conductivityof 10
Scm! DW U& 3DV V kepoteiluperdss-inke8 PEO polymer electrolytes with ionic
liquids 929 The room-temperature ionic conductivity could reach nearfySLém?.

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

lithium batteries (SS-LBs). Many investigations have been done on LLTO compoEitca88
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related electro-chemical performance for selected electrolytes are pteseiiable 2. However,

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

is only a few research working on all-ceramic electrolytes in SS-LBs applications.

Jiang ct al.
Tapce-casting
2020 1p0% LLTO
@ , " SSEs
- J»l !""K:?'r Lietal.
o e 5 LLTO/PVDF a Hay
LLTO nanofibers LLTO/NMP  PVDF/LLTO/NMP Blade-coating S ‘~te 2019 yo——— ;—‘ 'SD\VE:“ Scraper
wo =t posi ‘&) :.‘
o \& L _"., SSEs PET relesss im (b e "
~ Composite slectrolyte < E e o 1 oy
Bae et al. . —_—
LLTO/PEO 2018 ° | d
composite i
SSEs E | - T
2 _  _lsan
Zheng et al. Amorphous
Sol-gel LLTO Thin- 2017
process film SSEs
Amorphous 2004 Ahn et al.
2004 LLTO Thin- pulsed laser
film SSEs deposition
Inaguma et al.
LLTO with high bulk conductivity 1993

(10° at room temperature)

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.

lonic Discharge capacity/Charging
SSEs composition Anode|Cathode conductivity  rate/Cycle number (capacity

(S cntd) retention rate)

1

LLTO/’PANPSN* LilLiFePQy 220H0° Dw  Lo1MAN g70.5C/150 (data

unavailable)
LLTO/*PEO/LITFSI/SN® Li[NMC 532 >108pw 1432 MAN G/0.05C/30 (dat:

unavailable)
LLTO/PEO® Li|LiFePOy 3.31HL0* at’RT 147 mAh g-/0.1C/100 (~98%
15 wt.% LLTOFPVDF Li|LiFePQy 5.3HL0* DW 121 mAh g/1C/100 (~99%)
LLTO/PEOQ/LITFSP8 LilLiFePQy 1.3HI0* DW  144.6 mAh ¢//1C/100 (~96%
LLTO/PEQ/LITFSP® Li|LiFePOy 1.6HO0* DW 135 mAh ¢%/2C/300 (79%)
5 wt.% LLTO/PEOQ/LITFS1®® Li|LiFePOy 3.63HL0* DW 123 mAh g/0.5C/100 (94%)

8 wt.% - 4 0
LLTO/PEOFPC/LITESHO! Li|lLiFePQOy 4.72HL0* DW 135 mAh g%/0.5C/100 (96%)
3 wt.% LLTO/PEOQ/LICIQ1®? Li|LiFePOy 4.01H0* DW 140 mAh g¥/1C/100 (92.4%)
- 151.7 mAh ¢%/0.2C/100
6 103 3
LLTO/*BC Li|LiFePOy 1.54HL0° at RT (98.5%)

Sr/Ta co-doped LLT&* Li|LiFePQy 1.40HL0* DW  83.8 mAh g/0.1C/80 (89%)

Poly(acrylonitrile) 2Succinonitrile 3Poly(ethylene oxidefPoly(vinylidene fluoride)>Propylene carbonate,

5Bacterial Cellulose’/Room Temperature
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Compared to SPEs, perovskites usually demonstrate relatively higher Li-ion catidade.g.,
103~10* S cm! at room temperature) as shown in Figure 2.17(a) and lower electronic conductivity
(e.g., 1@ S cm! at room temperaturéy.lnaguam et al. was the first to report LLTO electrolytes
with relatively high bulk ionic conductivity (e.g., 1x1& cm! at room temperature) and total ionic
conductivity (e.g., >2 x1®S cm® at room temperaturéy®> Figure 2.17(b) shows the Arrhenius
plots of the ionic conductivities of the perovskite compared with other cei®8tts. LLTO has
been widely used as an additive within polymers to form composited ayeesr 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)ip2) super
chemical and thermal stability in air; and 2) environmentally friemdilgout 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 stabfilay provide
potential applications even at extreme conditifns.
Nonetheless, a number of obstacles prevent LLTO SSEs from being applied icap&$tiBs.
Initially, the large grain boundary resistance lowers the total ionic ctinitybdelow 10° S cm?
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at room temperatur@Second, LLTO is chemically unstable in direct contact with Li metd).(Li

Li can be intercalated into LLTO at voltages lower than around 1.8 V, resuitthg reduction of

Ti* cations and increased electronic conductifityThirdly, it is challenging to fabricate and
integrate LLTO in batteries due to its brittle nature. Additionally, dedation of the ceramic
SSEs may occur as a result of internal volume changes that during battery npleesaitbte harming

the battery lifetimé

In this review, we analyzed the origins of large grain boundary resistance for &hd @rovided
potential solutions. We got an insight to the chemical instability of LLTO vadosmacting L$
anode. Furthermore, we presented the tape-casting fabrication methods and eleicbchem

performances for LLTO SSEs SS-LBs.

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

With an ABQ structure (in Figure 2.18(a)), the perovskitexdaisTiOs (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 sit€$Different x values of both lions and La

ions lead to distorted structures which originates from the unequal distnitaftvacancies and
displaced cations. The stable structure could be preserved when the x value is betward 0.04
0.16.

Cubic and tetragonal LLTO display a lattice structure with the stacking ofthand La-poor
regions (in Figure 2.18(b)) to maintain high bulk conductivity. Figure 2.18 (c) ieditl¢ crystal
structure of the tetragonal-type perovskite with the lattice parameter of a =f8r&cfbic unit
cell*®® Inaguma and Itoh demonstrated that the ionic conductivity of LLTO has a parabolic
dependency on x values due to variations in therd to vacancy concentration and the formation

of low activation energy Li-ion pathways controlled by site percolation and bottlerzeckshs

seen in in Figure 2.18(d), the bottleneck structure of perovskites consists @él £ydrdinated

with corner-shared oxygen.
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La-rich layer

O A-site 0 La2, Li. vacancies
o B-site 0 Lal, Li, vacancies
La-poor layer .
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@ Oatom

Figure 2.18.(a) ABQ:; structure; (b) La-rich and La-poor regions; (c) crystal structure of
(P4/mmmitype 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 bettetamudefshow
chemical composition, crystal structure, and synthetic methods influence Li-ion deitgluct
Table 3 shows the summary of room-temperature ionic conductivities for seleG@ESES with

x values of Lions.

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

Conductivity at

Composition Space group Synthesis method

RT (S cnt))
Type I: pure LLTO SSEs
Lapeilio7TiO3 Cmmm 3.76 x 10 Pulsed laser depositit
LagsliosliOs P4/mmm 3.52x 10 Spin coating*?
P4/mmm 7.2 x 107 Microwave sintering methd#?
Type II: composite LLTO
SSEs
LagsliosTiOs/nano-Ag Pm3m 2.8 x10° Sol-gel processind*
Lao.sLiosTiOg/silica P4/mmm 1x 104 Wet chemical methdéP
Sr-doped Lasd io.33TiO3 Pm3m 9.51x1¢ Sol-gel processingd®
Y-doped La.d io33TiO3 P4/mmm 1.95x 1@ Sol-gel processing’
Nb-doped LasLiosTiOs P4/mmm 1.04 x 1¢¢ Solid-state reaction methtd
St/Co-doped Pmin 1.4 x 10° Solid-state reaction meth#d

Lao.s51i0.33Ti03
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2.5.3Challenges for LLTO SSEs

Low total ionic conductivity

Despite numerous appealing properties, the high grain boundary resistanceQptauses it to
have an inferior total ionic conductivity than liquid electrolyf€sThe total ionic conductivity is
governed by both grains and grain boundaries. Researchers have attempted to impotake the
ionic conductivity by the modification of the morphology of LLTO particles ergrain boundary
composition.

Compared with LLTO particles, one dimensional LLTO nanofibers with high surfaceltme
ratios can increase the number of continuous ion-conducting pathi®&jsigure 2.19 depicts
the difference of Li-ion pathways when using LLTO nanoparticles and nanofibersdednm or
well-aligned type). In contrast to the isolated nanoparticles in Figurea®.X80dom nanowires
could provide continuous fast pathways for Li-ion migration. When comparaddom nanowires

in Figure 2.19(b), well-aligned nanowires in Figure 2.19(c) are free afSio@ junctions.
According to Liu et al., 1D LLTO nanowire fillers can facilitate the formation of ionic conduction
networks in the polyacrylonitrile-LiClmatrix and thus enhance the total ionic conductivity by

three orders of magnitude than using nanopartiéles.

@) (b) (©)

5 9]0 X -
O~ D~ | _
g (gl 2 |
O ¢ o
f)
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, haigioatch appears
to offset the random orientation of neighboring coarse LLTO gt&ihsttice mismatch refers to
the mismatch between LLTO grain boundaries that is composed of a Ti-O binaryurmhwgith

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

or migration, hence resulting in large grain boundary resistance.

@ La-Li(La poor) @ La-Li(Larich) » Ti-O » O
@ Reconstructed La @ Reconstructed Ti-O @ Reconstructed O
eec®

P
ae®

e ®
rrrrrrr
°

e ®
a o

P
. e
e e

o ®

rrrrr

o @ ®

Py

_Gram Grain-boundary core Grain
interior 3 3 interior

"

Li sites

Distance

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 bingntireas
guantity of coincidence-site lattices (CSL) at the grain bound&fiesK H L Q Giktrpdudet for

the geometric CSL of the grain boundakyK H V P D O @nkidds thé lidgheX dttice 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 leaadifftattion

in scanning electron microscopy (EBSD-SEM) with crystallographic orientatiap and
electrochemical strain microscopy (ESM) loop area map are measuredaatithesgion. 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 stgnalty is

37



correlated with the higher Li-ion conductivity of the grain boundaries (as blemktegads 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 be@dacent La-rich
regions (in Figure 2.22) is another feature leading to the large grain bpumedistancé?
Moriwake et al. reported that an extremely high activation energy=(B.58 eV) of Li-ion

migration in the 90° domain boundarig$!?°
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Figure 2.22.6 FKHPDWLF LPDJH RI Um&yR &dBpted filem MeRQ[E2B]U \
Copyright@2014 Elsevier B.V.

As previously indicated, one practical approach to lower the grain boundary resistahdalter

the composition of the LLTO grain boundaries. Introducing dopant elements into ttees Arsil/or

B-sites in the crystalline structure of LLTO would create more point def@obther method is to
3ILOO XS° WKH //72 JU D aantoRioQs3dyds bit/alee Wiié (e.g. ibgs 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 HLO' S cm' at room temperaturg®

Surface - Surface

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

Regarding the pellet fabrication, researchers have employed hot-press techniques (k.g., spa
plasma sintering (SPS)) to densify LLTO SSEs for grain conductivity wepremt!?”28SPS can

reach higher heating rates (up to 600 °C miim a shorter period of time (e.g., 0-10 min in most
circumstances) than most of conventional hot pressing. The hot-pressSt el as/aZr1/403

(LSTZ) SSEs, with a relative density of 96.7%, the ratio of the derfsitgabstance to the density

of a given reference, had higher bulk ionic conductivity (e.g.H#01 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 DLQ VL]H RI pell&s witt7ah

enhanced room-temperature ionic conductivity exceedifngSLom’ .13

2.5.4Chemical instability of LLTO SSEs against Li metal

Ti** cations reduction
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Studies using X-ray photoelectron spectroscopy (XPS) confirm that LLTO reacisveidsiLi
metal and changes color from pristine white to deep black due to theioadufcTi** cations to
lower oxidation state species. Additionally, this leads to the formation okoxyacancies, which
makes the interface highly electronically conductive and unsuitable for use as antytdefttr SS-
LBs.¥! Galvez-Aranda et al. revealed that**fions reduction takes place at the LLTOILi
interface'® The reaction rate at the interface between LLTO afdnidreases as the applied
external electric field increases. Wenzel et al. apptiesitu XPS to study how LLTO reacted with
Li%132 Figure 2.24 displays high-resolution spectra for the Ti 2p, La 3d and O 1s of LLAIO aft
depositing different amount of Li. It is evident that the lithiation preadisectly 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 andfiall spec
peaks remain unchanged. Whilé*Tions can be even greatly reduced to metallic titanidhafien
depositing time reaches 300 min. The formation of metallic Ti would incitb@selectronic

conductivity of LLTO.

Ti 2p|

Intensity / a. u.

Intensity / a. u.

T T T = T )
470 468 466 464 462 460 458 456 454 452 470 468 466 464 462 460 458 456 454 452 450 9

Binding energy / eV Binding energy / eV

La3d : 01s

900 min deposition

600 min deposition //’\
\

| B0 mindencstion S

Intensity / a. u.
Intensity / a. u.

as-received

865 860 855 850 845 840 835 830 542 540 538 536 534 532 530 528 526

Binding energy / eV Binding energy / eV

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]. Go{@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 addressthipiis reduction problem for LLTO
SSEs. To prevent Thions reduction and achieve a sufficient interfacial contact agaifist Li
poly(vinylidene fluoride)block-poly(tetrafluoroethylene) (PVDF-b-PTFE) polymer matrix was
combined with LLZO and LLTO nanofibetd The assembled battery exhibited a high initial
discharge capacity of 150 mAH gand retained 127 mAh'gover 550 cycles. The Coulombic
efficiency was always more than 99.5% during cycling. Besides, in symmetriclsi(edd.,
LiILLTOJLi), metal or metal oxides is effective as a protective layer agaifisfoLiLi-ion

conductivity measurementg?135136

Formation of lithium-oxide and lanthanum-oxide phase

The formation of Li-oxide and La-oxide occurs when LLTO is in contact with*tAccording to
a mean square displacement (MSD) analysis, the oxygen atoms continue to migraterestéms
positive rate toward the £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). Imagteddeom
ref. [132]. Copyright@The Royal Society of Chemistry 2020

2.5.5Fabrication of LLTO SSEs

Thin-film LLTO

Fabricating thin-film LBs with a pure LLTO matrix would be effectit®@ enhance ionic
conductivity. Batteries with thin-film LLTO electrolytes have largewectiurface areas and smaller
volumes, leading to increase the charge rates by decreasing Li-ion diffusidmslddgtvever,
crystalline thin-film LLTO electrolytes still have high grain boundasistance and are chemically
unstable contacting with L.iThese 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 LLTO films is open and disordered. They can be prepared byl chemica
solution methods (e.g., sol-gel process) or physical vapour deposition techniquesa¢iog.
frequency (RF) magnetron sputtering, pulsed laser deposition (PLD), electron-edman)
evaporation}12137.138,139.140.148y, sing RF magnetron sputtering, Xiong et al. were able to obtain
amorphous LLTO thin films at annealing temperatures below 468 °C.

The orientational growth of LLTO thin films significantly affects theesif the LLTO lattices.
Epitaxial growth of LLTO thin films on single crystal substrates can be prepgredbeam
evaporation, resulting in uniform LLTO grains without obvious pinholes or cf4€ksr example,

the epitaxial growth of LLTO thin films on the (100) and (111)-oriented ST8DO) substrates
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have reduced lattice and thermal strains, which is beneficial to enhance the ionic capduddivi

stability 143

Tape-casting LLTO

Physical vapour deposition methods can produce thin layers, however they are frequeyntty costl
have limited scalability** The commonly used cold-pressed pellets have thickness limitations
around 200 P, while the pellets remain brittfé>'46 This problem could be solved by
implementing the tape-casting technology to cast thin-film elece®lyith a thickness below 200

P.
Tape casting refers to a slurry casting on a carrier film, has proven sucoegsfulucing thin-
film electrolytes and layered ceramic structures. The slurry usually consists ofosgfainders,
plasticizers, and dispersants. The green tape is generated by moving the doctoittbadenain
height over the poured slurry. KH WKLFNQHVYVY Rl WDSHV FRXGGVWWKULQN WF
point sintering will be followed to enhance the densificatigf?s14°
A high-quality green tape before sintering should meeting certain reauitenincluding the
following: (1) no agglomeration and cracks after evaporating the solventi¢2pstructural
homogeneity; (3) free-standing from the carrier film; and (4) good niatioin ability and
mechanical strength8149.150
To prepare satisfactory tape-casting electrolytes, several rules need be congifiemtrol the
viscosity the slurry by optimizing the ratio of ceramics, binder, plasticilispersant, and solvent;
(2) modify the drying conditions to obtain a flat green tape; and €B8}he proper sintering
temperature and duration for removing binder removal and densifying the {Bplele 4
summarizes green tape preparations and casting/sintering parametetsnil isatypically used
to a obtain homogeneous slurry. Laminating green tapes in multiple layers miitteting 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 = 20@m U& U& U&
(Zschimmer & Schwarz KM 3014Casting speed = 5 mmts for 1h in air
in ethanol;

(2) Added LLTO powder;

(3) Mixed plasticizePEG 400 an

binder?PVB with solution abow&*

30wt.% LLTO Cast substrate: polishedAl,O; 1000 U-& U& IRU K L
30wt.% acetylacetone Cast speed = 0.1 mmts

22wt.% isopropanol

9wt.% poly(methyl-methacrylate)

2 wt.% dibutyl phthalate

2wt.% hallotannin

5wt.% PEG 40082

(1) Mixed LLTO powder into  Casting gap = 50-508m U& U& IRU K
ethanol; Casting speed =5 mmis

(2) Added acrylic resin as a

dispersant;

(3) Added binder PVB and
plasticizer diisononyl phthaldf

Lack of detail$®* Casting gap = <20@Gm U& IRU K LQ DL
(1) DissolvecPPVDF and LiCIQ Casting gap = 50-15@m No sintering process

(at a weight ratio of 6:1) ifNMP

solvent;

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

powder into above solutiét?

51.2 wt.% LLTO Cast substrate 4PET film U& IRU K Ué&
1.3wt% triethanolamine Casting speed = 10 mrmit s U& IRU K LQ DL
10.7wt. % PVB

6.1wt.%°BBP

30.7wt.% ethané®

IPoly(ethylene glycol),?Poly(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 fabricationgusipe casting method.
A number of factors, such as the dispersant concentration, the particlé tigedspersant, the
ratio of binder to plasticizer, the total amount of binder and plasticnd the drying conditions,
needs to be optimized. Schrokert et al. found a dispersant concentration of dispersamwié4.,
was optimal to obtain a homogenous sldftyHigh-quality tapes were produced from a slurry
containing 15 wt.% of binder and plasticizer (the binder-plasticizer raticetest 2:1) under the
fast-drying conditions.

It is important to improve the ionic conductivity of tape-casting LLTO SSE3chiffmann et al.

casted LLTO tapes and then co-sintered it with LTO anode as shown in Figure ar@i7(b)*>2
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LLTO tapes with a thickness of only around P PD[LPL]H WKH LR@daF1FBQGXFW L
cm’ (in Figure 2.27(c)). Employing a lamination process guarantees that duringtexnsj, 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 reduc&ddbs of 41 P
(designated as LLTO-41¢ Figure 2.28 indicates the fabrication of tape-casting approach and
related electrochemical performance. Comparing the total Li ionic condudtiva thick cold-
pressed LLTO pellet, the value of LLTO-41 was improved to 2.0x3Ccm . The aid of PEO
electrolyte coating in the symmetric Li cells could avoid reduction oféfmneht and improve the
interfacial contact between Li metal and electrolyte. In this way, the tesidtance of a
symmetrical cellZDV UHGXFHG W Ri|DLE®RXLWiFePQ (LFP) cell was successfully

assembled and exhibited stable battery performance at different charge/disatesrg€he initial
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discharge capacity of was 145 mAh gt 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., SEl, SLEI, and CEI) in lithiunribatte critical to
achieving high-energy density and long cycle life. Based on the progressive undegstdritie
structural and chemical properties of the different interphases, gogpegs has been made in
designing and fabricating artificial interphases with improved stabity.concluded that more
focus should be directed on the following topics to maximize the benetite afiterphases and
minimize their negative impacts on battery performance:

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

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 iangport across
the interphases.

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

The interfacial challenges in SSBs seriously impact battery performancéaamger their
commercialization. Solid-liquid hybrid electrolytes display great potentiaddising the inferior
physical/electrochemical contacts between electrodes and mass-producing SSEs through wet-
chemistry routes. Despite the merits of this strategy, rationally desigrnthgmically stable and

less resistive solid-liquid electrolyte interphase (SLEI) is a crucial dustep. However, no
previous critical review has been accessed for SLEI, though, thus additional aféotigently

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 thefdneer
adequately. Furthermore, it is crucial to minimize the liquid cortesit remains after
decomposition. It would be challenging to precisely quantify the residual liquigérdont
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 deomp
LE (e.g., a liquid system with multiple additives), it is difficult tolpe and understand the
SLEI evolution during cycling.

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

with theoretical modeling is required to demonstrate and/or enhancattiwey oeliability.
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After reviewing the issues of interface and interphases, SSEs (e.g., LilTiajw& 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 resistiagickmits total
ionic conductivity. Several approaches have been adopted to address this issue such as
microstructural engineering of grains or introducing amorphous phase into grain lypundar
which have been found to decrease grain boundary resistance and thus enhance total
conductivity. Another strategy is to fabricate amorphous or single crystallms. fil
Additionally, a variety of methods have been followed to improve total mmductivities
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*® 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. Basékion
idea, fabricating 3D vertically aligned channels in all-ceramic S®&g be
effective in attaining high ionic conductivity without the usage of fiahle
polymeric components as the matrix.

2. Fabrication and mass processing of all-ceramic SSBs: Tape casting technology is very
compatible with existing roll-to-roll battery manufacturing procesadst of research is
focused on its application in SSBs to make thin films (thickness igHass P
Optimization of the slurry recipe and sintering conditions is essentialténod good
quality of final tapes. However, it is still challenging to fabricate |lacme tape-casting
films for SSBs.

3. Liloss during sintering: thin films always need to be sintered at high temperéguges

! U &o be further densified. To counteract undesired Li loss (Li evaporates
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DSSDUHQW O\ irRall4ddsamic BSEs, researchers typically surround green tapes
with the mother powder during sintering to reduce any further Li losseselientrolytes,

but Li sublimation still occurs. Introducing low melting point phases (also called sintering
aids) could be acceptable for processing electrolytes with improvedasititgrand
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*Ttations 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-cemanfilris
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 aiglaestin SSEs. However,
like all other prospective materials (e.g., phosphates, sulfides, and halidas)iany drawbacks
that currently hamper their practical development in SSBs. Neverthelessjategsearch into

innovative strategies to overcome these challenges can lead to its adoption into figts &by,
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Chapter 3

([SHULPHQWY DQG FKDUDFWHUL]DWLR

3.1 Experimental approach

3.1.1SSEs preparation

In this study, we used two approaches (uniaxial cold-pressing and isostatic cold-pressing)
fabricate SSE pellets. The first step for both approaches is to press potedaon-sintered
electrolytes (also called green pellets). The second step is to identify thaldptimperature to
sinter the green pellets. A proper sintering temperature is beneficialriwafatcrystalline SSEs
with a dense microstructure. For instance, the green LLTO pellets weeeedi at different
WHPSHUDWXUHV 0U& U & aib Ex@a powdds &f LIIFOUwas Kslaced at
the surface of the pellet during sintering to compensate for Li loss I{léwaiporate after 90W)&
The sintering process enhances the densification of LLTO pellets and thus intheotgtal ionic
conductivity. In Figure 3.1, uniaxial cold-pressing needs a high pressure (200 kHedl i this
study) to obtain voids-free SSEs. On the other hand, isostatic cold-preasimgach a higher
density with a lower pressure (<100 MPa).

pressure

pressure Pristine powder Density : s Coolat
= = s D —
Uniaxial cold-pressing jnto bulk enhancement Room
T 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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3.1.2Electrodes preparation

Lithium metal (LP) foil has the highest theoretical capacity (3860 mAhagnong metals and thus
was used as the anode in this study. Commerdidblls with different thicknesses (e.g., 2

and 250 &m) 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 froGoNdT|

10 mm in diameter) for battery assembly.

Lithium iron phosphate (LiFePOLFP) is the representative cathode material. Its specific capacity
(around 170 mAh 9 is higher than that of the related lithium cobalt oxide (around 140 ntph g
Because of its low cost, low toxicity, and long-term stability, #swsed for this study. A
commercial cathode sheet (83 in thickness) was cut into discs (portable manual punching cutter

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

3.1.3Battery assembly

Symmetric Li cell

A symmetric Li cell was assembled in a 2325-type coin cell (the dianse28rmm and the height
is 2.5 mm). 2325-type coin cells contain stainless steel caps and cans tlnet batikty. A spring
and a stainless-steel spacer were used to increase the stacking pressuréapanenglLTO
sandwiched by Lifoils was assembled in the middle, as shown in Figure 3.2. The symowlri
was used to study the chemical stability of LLTO againstAll assemblies were done inside an

Argon-filled glovebox.

B o Stainless steel cap
Q Stainless steel spacer
)  Llimetal
- 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 anade, SSE, and a cathode (e.g.,
LiFePQ, LFP), and was used to investigate the battery charge/discharge performakeeerall

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

e Stainless steel cap

g S_tainless steel spacer
D Limetal

C ) utosses
(‘0 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 structiaecifstal. A beam
of incident X-rays irradiates the sample and is subsequently diffractedriy directions by the

crystalline structuré.

X-ray photoelectron spectroscopy

Photoelectron spectroscopy is based on the external photoelectric effectjlwimnation of a
sample with photons of defined energy larger than the ionization energy e#ertesns to be
emitted from the samplfeThe 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 sewécal a
layers on the surface of the material. BesituXPS is commonly used to detect the chemical and

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

285.0 eV).

3.2.1Interphase characterization

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

Scanning transmission X-ray microscopy (STXM) is a type of soft X-ray synchroazed
spectromicroscopy. The ambient-STXM facility used in this study is available on bed@ID-
spectromicroscopy at the Canadian Light Source. STXM is highly adaptiveXsdth absorption
spectroscopy (XAS) to determine the two-dimensional/three-dimensional dbeatical and
morphological structure in bulk/surface with a spatial resolution of ~30 rtimeilconventional
mode and ~10 nm in the ptychography-mode (the set-up components are illisfFagade 3.4Y-2

Dry and wet samples can both be measured in a helium environment or imasourough to

~10% Torr.

(@)
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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].

72



3.3 Electrochemical characterization

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis is a technique that measureserbgistan
monitoring the current response while an alternating voltage is appladdiectrochemical cell.
Two-electrode electrochemical cells with SSEs are usually modeled with the eduoiadait
shown in Figure 3.5. The electrical circuit is described using the Nyquist plot obfadmed
(Solartron, Sl 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 andidh@rpduced is
HVVHQWLDOO\ D VWUDLJKW OLQH ZLWK RHGRISKVERSQOUW SMHK L J
is much longer than the single period, the plot is described by a semi-circleswiihniteter given

by the charge transfer resistance Rsis considered as the bulk resistance of SSEs. The bulk ionic
conductivity of SSEs was calculated following the forméla L/RsS, where R is the impedance

for the fitted results in Nyquist plots, L is the ceramic thickness, and S is thiveffeantact area

between the electrolyte and electroties.

[ Dpgy = V(R Cyp)
-
R, "

0l R, Re(Z) (£2)

—Im(Z) (£2)

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.gy; litiene, long-
term stability, etc.) is to measure the amount of charge stored and deliveregl chaige and
discharge. The galvanostatic test is conducted during various cycles at ti¢iamemt 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 expressgdads,
FDOFXODWHG IURP WKH EDWWHU\TV QRO EB FOGOVF EWD UWKE

example, 1C means complete charging or discharging the battery in one hour.
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Chapter 4
(QILQHHUHG LQWHUIDFHYV EHWZIRHQ FSHHURK O NAL M/ |

/L PHWDO IRU VROLG VWDWH EDWWHL

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

10.3389/fchem.2022.966274).

4.1 Abstract

Perovskite LasylizTiO3 (LLTO) materials are promising solid-state electrolytes for Iithinetal
batteries (LMBs) due to their intrinsic fire-resistance, high bulk ionic condiygtiand wide
electrochemical window. However, their commercialization is hampered by higliaaér
resistance, dendrite formation, and instability against Li metal. To addresshiadieages, we
first prepared highly dense LLTO pellets with enhanced microstructure and high hidk io
conductivity of 2.1HL0* S cm® at room temperature. Then, the LLTO pellets were coated with
three polymer-based interfacial layers, including pure (polyethylene off@«€)), dry polymer
electrolyte of PEO-LITFSI (lithium bis(trifluoromethanesulfonyl)imidéL), and gel PEO-
LiTFSI-SN (succinonitrile) (PLS). Itis found that each layer has impactedtéwéace differently;

the soft PLS gel layer significantly reduced the total resistance of LLTOoiw walue of 84.88
ohm cn?. Interestingly, PLS layer has shown excellent ionic conductivity but performs inferior in
symmetric Li cells. On the other hand, the PL layer significantly redutteéanti nucleation
overpotential and shows a stable voltage profile after 20 cycles without any digdesidrite
formation. This work demonstrates that LLTO electrolytes with denser micrstwould reduce

the interfacial resistance and when combined with polymeric interfaces shoavé@dprhemical

stability against Li metal.
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4 .2 Introduction

Solid-state lithium metal batteries (LMBs) using lithium (Li) nieds anode chemistry are
promising alternative energy sources with improved safety and increased energgsderisi®
Solid-state electrolytes (SSEs) permit reliable safety for LMBs duestortbn-flammable, solid
feature, and the wider electrochemical window (>5 V vs L)/t

Among reported solid-state electrolyte (SSE) materials, perovskite-typ@sJARTO exhibits
high bulk ionic conductivity, good stability in a dry or humid atmosplzerd a wide operating
temperature randge:®°However, the low sinterability (interpreted as a long period of siext
D KLIK WHPSHUDWXUH RYHU U& OHDGM W®R NLGRYE UHDQHAG /(
total ionic conductivity. Simply modifying the sintering conditions risks reducing thetgesfsi
electrolytes. To maintain good sinterability and density, scholars typically addadtllti (e.g.,
excess of pristine powders and low-melting points salts during sol&-ptatessing)®1?1?
However, the produced second phase may increase the grain boundary resistance.

In addition, the resistive and inhomogeneous interfacial contact against Lirewitis in high
interfacial resistance in the range of ®@m cn¥ to 1 ohm cn?.13141°High interfacial resistance
due to poor contact results in a large overpotential during the charge and dischamgepcycéss.
Various strategies of surface treatments on ceramic electrolytes have been imdesiigaprove
the interfacial contact. Table 5 presents selected interfaces on ceramidydtecand 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 ~22 at 0.5
Gold (Au)*® Ta-doped LiLasZr.012
1500 to 380 mA cnr?
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Reduced from 900 ~25 at 0.05

20nm germanium (Ge}’ Lie.gd a2 9Ca.1Zr1.78Nbo 28012
to 115 mA cnr?
. Reduced from 22 at 0.2 mA
Al,038 Li7Lag.76Ca.25Zr1.73N 00 25012
1710to 1 cm?
. 6.5at0.1
ZnO% Lis.75.82.75Ca.252r1.78Nb0.75012 20
mA cnr?
i ) Reduced from 6 at 50 &A
Graphite?® Lis.oAlo.2lLasZr1 78Wo.26012
1350 to 105 cm?
. . 100 at 0.1
PEO% Lio.3da056T103 549
mA cnt?
PEO/LITFSI (O/Li mole ) Data is no 50 at 0.1 mA
_ LisdaxZr1.4Ta0.6012 .
ratio of 8:1)? available cm?
Cross-linked poly(ethylene )
) ) Data is not
glycol) methyl ether Li1.3AlosTi1APQs)s _ 500
. available
acrylate-LiTFSI-Al 203%
) . ) _Data is not 150 at 0.3
PAN/10 wt.% LiCIO 424 Li-ion-conducting glass ceramic ]
available A cm?
) Reduced from 125 at 125
PVDF-HFP?® Li7Lag.78Cap 25711 79\ND0 25012 .
1400 to 214 A cm?
PLS gel membrane (this _ ) Reduced to 84.88 7.25 at 0.04
Lao.sAio. 20103
work) for pellet mA cnr?

One approach is to introduce another metallic layer between the Li metal and ceramulytdect
such as Au, Ge, et€!’” Alternatively, Fu et alpplied an aluminum metal coating on garnet and
reduced the interfacial resistance by more than one order of maghifudeetallic layer tends to
alloy with Li metal, which could improve the wettability of ceramic S8Bsigh they are still solid
and hence, cannot ensure impeccable interfacial contact. To further enhance theagaiatt
electrodes, metal oxides consisting 0b@d, ZnO, and graphite are widely used to modify the
surface of electrolyte’$:*?° Han et al. deposited atomic-layer of,@4 on garnet electrolyte,
allowing the interfacial resistance to be reduced to only 1 ohriltmowever, the above-
mentioned metal oxides are generally deposited by complicated and expensive nigtkods.

resistance between hard ceramic grains within the electrolyte is still Goggared with metal or
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metal oxides, utilizing soft polymers (e.g., poly(ethylene oxide) (PEO), poly(acrylen{t?iAN),
poly(vinylidene fluoride) (PVDF), etc.) as interfacial layers increases iomiwuctivity and
enhances the contact among neighboring grains by filling the voids and grain lyoegétans?®-2’
Specifically, PEO has been widely used for composite electrolytes to providelitigkibi suffers

low room temperature conductivity (e.g.,t00% S cm') partly due to its high degree of
crystallinity below its melting point (~60U & 7KH DGGLWLRQ RI /L VDOWYV
bis(trifluoromethanesulfonyl)imide (LiTFSI), tends to reduce PEO crystalliaitd enhance
conductivity by facilitating lithium-ion transport. Al-Salih et al. published mwymer-rich
electrolytes (e.g., the mass ratio of PEO:LITFSI is 70%:30%) with ionic cawnitipctf over 10°

Scm! DW 28 BisRan effective ionizer, succinonitrile’s (SN) high dielectric nature gearate

Li ions from LiTFSI and further boost ionic conductivity. Observed room temperature ionic
conductivity could reach the magnitude of®18 cm! by optimizing the mass ratio to 35%
PEO:30% LiTFSI:35% SR 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/L).

To date, only a few articles have proposed microstructural and interfaciaficatioins to
perovskite-based electrolytes. The main problem with perovskite-based electrolytesTig*that
cation is chemically unstable in the presence of Li-metal anode, and thus inisaésséntroduce
protective layers to avoid direct contact. Jiang etpplied PEO films between LLTO and
electrodes in a cell of Li|PEO|LLTO|PEO|LiIFePQFP) that exhibited good electrochemical
performance. The initial discharge capacity reached 145 miAdt g current density of 0.1C and
capacity retention was 86.2% after 50 cyéles.

In this work, we have first prepared dense LLTO electrolyte materials withrovag
microstructure and high bulk ionic conductivity by mixing and optimizing the weigfbsr

between granular and milled LLTO powders at different sintering temperaweefave then
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identified optimal interfacial layers of PEO-based gel membranes for LLT®aees, 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 efficierggiion

against Li metal and reserve good ionic conductivity. Electrochemical Impedance Sqmngr

was performed to evaluate the conductivity of pristine and coated LLTO pelletse®yoLi cells

DQG 2KPYVY ODZ ZHUH XVHG WR H[SORUH DQG DQDO\]H WKH

electrolytes for the improved stability with Li metal.

4.3 Materials and methods

4.3.1Electrolyte fabrication
Pristine Lasdio2eliO3 (TOHO TITANIUM, Co., Ltd.) powders including granular (G-LLTO,

D50 = 50 An) and milled (M-LLTO, D50 = 1Hn) type were stored under inert conditions in an
argon-filled glovebox. To prepare mixed LLTO powders, G-LLTO and M-LIpo@ders 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 mixethe mixture was dried in a 70 &
oven overnight to remove the solvent.

The LLTO powder was then uniaxially cold-pressed followed by sintatihggh temperature. The
mixed powder was molded in a stainless-steel die (15.6 mmrmetéa) and then pressed with a
pressure of 200 MPa for 4 mins. The cold-pressed pellet was fully coverethatlibr powder
(e.g., 5 wt.% with respect to the total weight of cold-pressddtpahd then was sintered at 1170
U ®&r 12 hin air. The mother powder was added to compensate ftittauny loss (or evaporation
of lithium compounds such as lithium oxides) at the high-temperaimtering process. The
heating and cooling rate were 10& Pan®2 U & Pregpectively. The sintered electrolyte was
cut into about 0.7 mm thick slices (the minimum thickness to #heeput-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 .3.2Interfacial modifications

Poly (ethylene oxide) (PEO, average molecular weight of 600,000) was dispersed inrdedtonit
acquire a pure PEO (P) solution. PEO and lithium bis(trifluoromethanesylfoiug (LiTFSI)

with a weight ratio of 70:30 was mixed in acetonitrile to get PEO-LITFSI (Bllufien. 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 osidestiof LLTO

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

4.3.3Symmetric Li cells assembly

Symmetric Li cells of LLTO pellets with and without coating wererifaied in an argon-filled
glovebox to investigate the process of Li plating/stripping and evaluatengsterm cycling

stability. Two Li foils were sandwiched on both sides of coated LLTO in a 8g#beoin cell.

4 .3.4AMaterial characterization

The morphology of the pristine powder and prepared pellets were observed by scanminig elect
microscopy (Zeiss Gemini SEM 500) and energy dispersive X-ray spectrometry BEIXSY).

The crystalline phase was confirmed by powder X-ray diffractometry (PXRD, Rigaku, UWfima |

with a copper source and one diffracted beam monochromator, operating at 40 kV and 44 mA. The
pellets were scanned in thea2ange from 10 degrees to 60 degrees with a scan rate of 2
degrees/min. X-ray photoelectron spectroscopy (XPS) analyses were carried out uskig an A
Ultra DLD spectrometer (Kratos Analytical, Manchester, UKhwitonochromatized Al KJX-

rays.

4 .3.5Electrochemical characterization

The resistance of pellets was measured via electrochemical impedance spegt(&s8) by
impedance/gain-phase analyzer (Solartron, SI 1260) with a frequency ranging from 1 MMz to 0.

+] WKH DPSOLWXGH ZDV P9 ITURP URRP WHPSHWMWVYX WD WR
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Au/Pd layer was sputtered on both sides before the test. Coated LLTO pellets wedirestigd

without Au/Pd coating layer. The bulk ionic conductivity was calculated followiagormula &

= L/RS, where R is the impedance for the fitted results in Nyquist plotshé teramic thickness,

and S is the effective surface area of the electrolyte. The galvanostatic deahgedd
characteristics for symmetric Li cell were measured between -4.5 V andvith &urrent densities

of 0.01 mA cn?, 0.02 mA cn? and 0.04 mAcmM DW U& XVLQJ D SRWHQWLRVWDW

Instruments).

4 .4 Results and discussion

4.4.1Characterization of LLTO powders and pellets
LLTO powders exhibit different morphologies, as shown in Supplementary Figune sh@pe of

the secondary particle for granular powder (designated as G-LLTO) is sph@ridaigure
A9.1(A)). For milled powder (designated as M-LLTQO), each secondary particle & angular
than G-LLTO (in Figure A9.1(B)). The secondary particles (with sized® &m) comprise of
agglomerated primary particles with smaller sizes of ~#n5 Note that each secondary particle
for M-LLTO appears to represent one primary particle. To enhance the sintgilinse 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. Whilediaga

to the mixed powder, each secondary particle contains larger primary LLTO pastigiesnded

by smaller primary particles. The secondary particle of mixed powder has the qemtaae size

of ~1 &n as indicated in Figure A9.1(C).

The mixed LLTO electrolytes (70 wt.% of G-LLTO and 30 wt.%dWLLTO) show the highest
densification after sintering at 1170 &r 12h in air, compared with its single components as
shown in Figure A9.2. Furthermore, the SEM images for LLTO with the optilmizaf sintering
temperatures is exhibited in Figure A9.3. Green mixed pellets are sintered @t&660 U &nd

1170 U &r 12h in air atmosphere. Elevated sintering temperatures thus ateéher growth of
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LLTO grains. The densification is enhanced with increased sinteringetamre at the same time.

As a result, the mixed LLTO pellets show void-free surface anddtelthe highest densification
after sintering at 117@ &lowever, the sintering temperature cannot be too high as Li would be
lost during the sintering process (Li starts to be sublimated at tenmesrahove 900J)&°

In the insets of Figure 4.1, the sintered electrolytes have aylidjbiv color on the surface. The
surface of sintered LLTO pellets without any polishing is dense butvediatough. The sintered
pellets using G-LLTO and M-LLTO, respectively (in Figure 4.1(A) and (B)jlicate grains
growth in different degrees. Most LLTO neighboring grains for mixed@QIi Figure 4.1(C) have
better contacts without significant porosity at 11@08The dense microstructure of the LLTO
electrolytes could enable a homogeneous current distribution and preventdiitiedeanetration

during the cycling process.

Figure 4.1.SEM pictures of sintered pellets (without polishing at 117®r 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 aardkngrthen

to a deep black over time when bring in contact with Li metal. To avoid the expodiirmefal

to air, LLTO with Li-metal foil is sealed in glass containers filled witart Argon atmosphere. It

is clear that white LLTO is very sensitive to reduction and takes place in lessrthias. Snitially,

white LLTO electrolytes would turn black after contacting withdfier 90 mins. The SEM
micrograph in Figure A9.4 shows that the surface of the white and black LLTO pellet iatnot f

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 surfacelogyroif

pellets.
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(A) Glass substrate ———— ( B)

Li metal —@’ |
Un-coated 4\‘/
LLTO pellet =

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 pexoRdkd;
superstructure (tetragonal structure JCPDS #87-0985Figure 4.3(A) proves that the bulk

structure of white LLTO remains unchanged after mixing G-LLTO and M-LLTO powder.d-igur

43 % DOVR YDOLGDWHV WKDW VLQWHULQJIJHBW DJR @R RAW UK AW

black LLTO (when it is in contact with Li metal). Also, the LLTO structure woeldtanged from

WHWUDJRQDO WR FXELF DIWHU VLQWHULQJ RYHU 0&
(A)] (B)
hllan-slitsead rlked LTS Black sintered mixed LLTO
Tha _‘1 ‘l.L__n_ .‘_.,-_._IlLA 0 'Ilu.. - \ A
3. Non-sintered M-LLTO] 2 - - e A‘A 8 g
= |, | | jl * =
E _ 5 E:Z White sintered mixed LLTO
= - = < cyNon-sintered G-LLTQ =
2 g o = ol
Y2 18 32 8 §H
ICPDS #87-0935 \ JCPDS #87-0935
il | B | [ | Y 1 N Y T
10 20 30 40 80 B0 10 20 30 40 50 &0
20 (degree) 26 (degree)

Figure 4.3.2D stacked XRD spectra of: (A) non-sintered LLTO pellets; and (B) sintered mixed
LLTO pellets.

4.4 .2lonic conductivity of sintered LLTO pellets

Figure 4.4 compares EIS curves of sintered un-coated LLTO pellets. The resulting Nydsiist plo
contain one semicircle and an inclined straight line. In Figure 4.4(A), the calculatediiglk i
conductivity of the G-LLTO pellet is 4HML0® S cm! at room temperature. Because of the
decreased particle size, the bulk ionic conductivity of M-LLTO electrolyte increa4e8HL0* S

cm®. Mixed LLTO electrolyte presents the highest bulk conductivity ofH2Q* S cm! at room
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temperature as calculated from Figure 4.4(B). This enhancement might beeattiabiiie presence
of smaller secondary particles within the grains of G-LLTO powder, whiglimizes grain
boundary resistance and increases the contact area between neighboring Jisénsonic
conductivity of the mixed electrolyte increases with temperature and followstaenius behavior

as indicated in Figure 4.4(C) with an activation energy of 0.23 eV.

1000/T (1/K)
3 32 33 34
!

3500 - 3500 : >
(A) —o—GLLTO (B) H}izggci (C) -
3000 | mt;}fﬂo / 3000 | —0—-36°C| =5
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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 Z8&8 U;&nd (C) Arrhenius plot of
sintered mixed LLTO pellet during 28-88 U.&:itting circuit is (R1LCPE1)(CPE2). R and CPE

represent the resistor and the constant phase element, respectively.

4.4 3Instability of LLTO electrolytes against Li-metal

To further confirm the composition and chemical nature of black sintered LLTI@&gpeXPS
analysis is conducted on the collected black samples and the results are shiguneirt.5. The

XPS spectra shown in Figure 4.5(A) consist of major peaks assigned to Li 1s, La 3d, Ti 2p, O1 1s,
and C 1s. C 1s peak at 284.8 eV is used as a reference peak for calibration. Higjiomgseaks

of La3d 3/2, La 3d 5/2, 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
are associated with Tications**%® The atomic content of Tispecies on the surface of the black
sample is 84.48 %. For black LLTO pellets}*Hpecies are heavily reduced to the lower valence

of Ti ions after assembling with Li metal, corresponding to the peak around 460.5 ¥ that

associated with i 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.

4.4.4Resistance of coated LLTO electrolytes

The two sides of sintered mixed LLTO pellets (non-polished) are coated withbB&ed gel
membranes. The SEM images for the morphology of coated-LLTO with eadladidetayer are
shown in Figure A9.5. LLTO pellets modified by PEO-based gel films are smooth andvunifor
PEO-based gel can be observed in the cracks and porosities of LLTO pellets and cavitheis pr
effective pathways for Li-ion transportation even if the ceramic pelleksiduring cell assembly.
High-resolution EDX mapping in insets of Figure A9.5 exhibits a continuous and w@hfor
coating of polymer on the surface of LLTO pellets, enabling effective piateaf LLTO pellets
from Ti** cation reduction.

The AC impedance results of coated LLTO electrolytes duvihgl VW L Q-J DO D WK LOOXVWU
in Figure 4.6. The high-frequency semicircle in all curves is attributed to thedsistance of the
coated electrolytes. Compared to the total resistance PEO-LLTO and PEO-LiTFEL{RD )as

shown in Figure 4.6(A) and (B), the value of PEO-LITFSI-SN (PLS)-LLTO in Figure 4.6({G#i
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smallest (84.88 ohm cthD W U& EHFDXVH WKH JHO HOHFWURO\WH KDV
with PEO or PL. Thus, it is verified that PLS with a weight ratio of 35%:38% enables more

lithium-ion pathways andd QKDQFHV WKH SRO\PHU PHPEUDQHYV LRQLF FR
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Figure 4.6.Nyquist plots of LLTO pellets during 30)-&0 U &oated by: (A) PEO; (B) PEO-
LiTFSI; and (C) PEO-LITFSI-SN.

To determine the total activation energy for Li-ion migration, temperature-dependent
measurements are obtained at the same frequency range (1 MHz-0.01 Hz) by changing the
WHPSHUDWXUH 1URSP DV UFBORWHSG TheQalculated activation energy for

each coated-LLTO is listed in Table A7. PL-LLTO has the lowest activation enefg¥ &5 kJ

mol?, as shown by the reduced interfacial resistance mentioned before. ComparedtdyP @

introduction of LiTFSI salt is helpful to reduce the activation energy and inctbasmnic

conductivity. For PLS{/72 LW LV REYLRXV WKDW DIWHU U8H WRH VOR
the reduction of activation energy. The slope change at higher temperatures i/ phesity
SPHOWLQJ" SKDVH WUDQVLWLRQ Rt ntobilith @ GesBi¢ad dt HoMet UWKHO |
temperatured’ 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 in@éase¢otal resistance and

brings on a higher energy barrier for lithium-ion transport. We wouldPteS-LLTO in symmetric

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

4.4 .5Performance of symmetric Lijcoated-LLTOI|Li cell
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Figure A9.7 exhibits the color of coated LLTO pellets after cycling innsgtric cells. PEO
membrane cannot protect LLTO well due to several darker grey dots (in Figur@9Ttie
black circle in the middle of the P coated-LLTO and PL coated-LLTO (in Fig@ré(B)) pellets

is Li foil. In contrast, Li foil is absent on the surface of PLS coated-LBF®@videnced by Figure
A9.7(C). It may be due to the softness change of the gel membranes at room tempEhat
separation of Li-metal foil from PLS coated-LLTO could also indicate increasedaicial
resistance. Moreover, partial Ti reduction increases the total resistance of LU&®. @dmpared

to the ineffective coating of PEQO, the color of PL or PLS coated-LLTO remaichanged. 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 & Figur
47LQVHW DUH SHUIRUPHG WR HYDOXDWH WK® DQWHUW®FIZRB \
time-dependent voltage profile of the Li|gel-LLTO|Li cells are plotted and amhlyz&O coated

by three gel membranes perform relatively stable plots without noise conparedoated LLTO

as plotted in Figure A9.8, as evidenced by which a better interfacial contaethatoated-LLTO
and Li. Besides, the flat voltage plateau with a small variation for three cells with coatedid. LTO
support of the excellent interfacial stabilfyThe 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 Gagsé&mabled
cell is rested for 12h and 24h before cycling to investigate the difference. Vdii@gences with

the other cells studied here may be due to gobadmduction of gel electrolytes. The interface
activation process can be seen from the voltage profile of the stripptnggpdscle, where the
voltage decreases in the first 20h and then becomes relatively*$feléerelated tiny noise in the
voltage profile is attributed to localized voids forming at the Li|co&igers interface as Li is
stripped away from the anode; the voids likely formed because of insufficient prapglied to

the symmetric cell during cyclimy.Small asymmetry of the whole profile could be related to the

still inefficient transition pathways and partial distortion between coating laper& LTO#*
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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-LITFSI; and (C) PEO-LITFSI-SN.

Compared to the overpotential for un-coated LLTO at a current density4ofriA0cn?, PEO
coated-LLTO (P-LLTO) pellet has a larger value as represented ireFIgiA). This may be due
to PEO degradation during the cycling at different current densities. Besides, anedidy the
color change of PEO-LLTO pellet after cycling (in Figure A9.7(A)) the reductidrt TO might
affect the interfacial stability against Li and increase the totaresitancé? In comparison, the

overpotential is only 1.7 mV at a current density of 0.04 m& twn PL-LLTO pellet as indicated
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in Figure 4.7(B). The smallest value of overpotential with the stable trend and editiyaise
suggests enhanced interface stability and favored electrochemical reaction wittalLamoele®®

The hysteresis change in voltage trace implies that the voltage shape aftezdegiatidg cannot

be fully captured by morphology-driven reaction kineticRegarding the reversible behavior of
gel-LLTO for Li stripping and plating, the profile indicates stable peréoroe 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 ou
DVVXPSWLRQ EDVHG RQ LWV KLJKHU DRWBYOWLRE@ BDHWILQGY
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 ltahie completely
separated from PLS. Insufficient contact during the cycling causes polarization angbteot&l

loss.

To further examine the cycling stability of three PEO-based membranes on Tia: pdllets,

Figure 4.8 compares the resistance of symmetric Li cells before and after cycliagmat
temperature. The high-frequency semicircle corresponds to the total resistayremetric Li

cells with coated-LLTO. Overall, there is a significant drop of totastasce for three gel coated-
LLTO, proving the effectiveness of polymer-based coatings in improving intertamisdct. The

large resistance of Li|PEO coated-LLTO|Li before galvanostatic cycling in Figure &) be
ascribed to ineffectively interfacial contact between PEO and Li. PE@polg highly crystalline

at room temperature, thus resulting in considerable impedance *farahsport'®> During the
F\FOLQJ DW U& PRGHUDW L-Ahasa\fégiansier EEADS M Bel matiérdte, R | W
which helps to decrease the total resistdhdéowever, the total resistance of the cell is still
relatively high after cycling, which may be owing to PEO degradation (e.g.¢hthege of
crystallization conditions) and its instability (e.g., the deterioratigphgsical properties) against

Li metal#454"The total resistance for PL coated-LLTO (accessed from in Figure 4#ftB))
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cycling is subtly larger than PLS coated-LLTO (as seen in Figure 4.8(C)), possiblyskethe

PLS membrane itself has lower resistance.
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Figure 4.8.AC impedance symmetric Li|PEO-based coated-LLTO|Li cell before and after
cycling (tested at room temperature): (A) PEO coated-LLTO; (B) PL coated-LLTO; aiL&C
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 windowp(tisebetween
positive potential and the absolute negative potential). The observed poteotiablf cells
includes polarization losses from interfaces and ohmic losses from the LLIED Pke 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 l&yéRg. (0hm) is calculated
IURP RKP(RW \@ DvBere V represents the stable potential (mV) and | represeicistant
density (mA cnf)). Row contains Buk (the resistance of the LLTO pellet),in®acer (the
polarization resistance between PEO-based layers and Li metal), apgdeRthe interfacial
resistance between coated layers and LLTO pelle(ofn cn¥) is Rotal ssurface areacm@nd R (ohm

cml) is Rotal thickness (cm) The fitting circuit is (RBuk) (RinteracelCPE 1) (Rhtertace CPE2).

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

symmetric Li cell (tested at 60, &vith decreased current density).

Interface Current density Stable Potential Riota Ri(ohm Roohmcecm  l4.5{mS
(mA cnT?) (mV) (ohm) cm?) h cn?)
0.04 84.5 3755.56 2125.21 50074.07 0.011

PEO 0.02 32 2844.45 1609.63 37925.93  0.015
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0.01 135 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 51 453.33  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°Atd 0ri1 mA

cm?, the voltage profile of symmetric Li cells is relatively stable.Mocoated-LLTO, it is clearly

observed that the total resistances{R almost remains unchanged with the decreasing current
density. This represents that the applied current density of these three cells diféechainic

conductivity for these three cefl§. The smaller polarization voltage verifies the reduction of
concentration polarizatiott. Compared with PEO, LiTFSI in PEO builds moré¢ tbnductive

pathways that promote rapid*Ldiffusion from the pellet to Li metal. PLS gel membranes show
expansion during the stripping and plating process. This phenomenon is most likely ghefcaus

the formation and disappearance of voids at the surface of ceramic éfedgliced voids or

insufficient contacts would influence the value shift of the resistance. Amongy#inr@embranes,

PL has relatively stable resistance at different current densities, corregptmdi constant ionic
conductivity of around 2 mS ctlnD W U& 7KH LRQLF FEOQGCcEIFMrnY thev\ R1 3/6
cycling is lowerthan PLL/ 72 ZKLFK PD\ EH RZLQJ WR SKDVH WUDQVLWLR
Polymer gel membranes as interfaces could fulfill all voids on the surfaterahtb infiltrate into

the grain boundary regions of LLTO. Coating provides a relatively flat surfacectovith Li

metal and PL or PLS coated-LLTO could maintain the original whitercafter cycling.
Furthermore, softer PL or PLS could effectively permeate into the cracks of LLTO peltkts

prevent direct exposure of LLTO from Li-metal. Moreover, the total ionidectivity of the

LLTO pellet is improved by optimizing the conductivity of polymer membranestieiPLS

membrane itself, the addition of SN dissociates Li ions from LiTFSI and furih®gimizes the
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total ionic conductivity of LLTO peDHWYV DW U& +RZHYHU WKH ODUJH YD
PLS coated-LLTO in symmetric Li cells indicates that PLS has poor compgtikith Li metal
that could be attributed to the poor chemical stability of nitrd@satds chemical reduction by Li

metal.

4.5 Conclusion

In summary, we have successfully fabricated highly dense LLTO pellets via uniaxial cad pres
followed by sintering. EIS results from the Nyquist plot indicate that thersmhtLLTO pellets
have the largest bulk ionic conductivity of 210* S cm! at room temperature. In a highly dense
LLTO system, M-LLTO powder with smaller secondary particles fills the voutsvden the
primary particles in G-LLTO and enhances the densification of sintered LLT&@sp&ventually,

a denser LLTO can be beneficial to decrease the total resistance of @estaold thus increases
the ionic conductivity.

Additionally, we have demonstrated that the instability of bare sintered LLTO &gesrarhen 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 polymericdniakfayers have been
investigated and their effects at the LLTO|Li metal interface have been déggigd. Our study
shows that PEO-LITFSI (PL) and PEO-LITFSI-SN (PLS) coated-pellets maintainsabnigiite

color of LLTO after cycling with Li metal and effectively resolved the issue.oPIPLS gel
membranes have a soft and flexible structure, effectively providing sufficient contacts with LLTO
pellets. They also facilitate the assembly of the fragile, thin ceraledtrolytes in cells. Among
three types of gel membranes, LLTO coated by PLS gel shows the smallestistahce of 84.88

ohm cn? and confirmed the excellent ionic conductivity of PLS gel. Nevertheless, the PLS
membrane as the interface is less chemically stable in symmetcellLand brings on larger
RYHUSRWHQWLDO 3KDVH WUDQVLWLRQ RI 6IWKWM 3/8 &LSRNWW DB
interface and prohibits lithium ions diffusion.
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Our work proposes a novel microstructure of LLTO and hence enhances ceramic sigterabil
Importantly, we have addressed thé' Tation reduction issue when Li metal is in contact with
LLTO and opened a new window for utilizing LLTO with Li-metal by introducing fiaigial layers

on ceramic electrolytes. Therefore, we believe that this approach shedsa ligh safe assembly

of thin-film ceramic electrolytes in lithium metal battery.
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Chapter 5
5HYHDOLQJ WKH UROH RI OLTXLG HOHFWURO\WH

VWDWH OLWKLXP PHWDO EDWWHULH

This chapter has been adapted from a research paper publidoedial of Physical Chemistry C

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

5.1 Abstract

Solid-State lithium metal batteries (SS-LMBs) suffer from the very hegistance at the garnet
electrolyte|cathode interface that hampers their commercialization. Herearbanate-based
liquid electrolyte (LE) is introduced at the interface ofd i dBay1Zr.4Ta0.6012 (LLBZTO)
garnet|LiNb.sMno 2C.20. (NMC 622) cathode to lower the interfacial resistance and improve the
battery performance. In this work, we conducted a thorough study on the role oélepiidlytes

at the interface using Scanning Transmission X-ray Microscopy (STXM) assbavith X-ray
Absorption Spectroscopy (XAS). As a result, we have shown new data relating to thediormati
and the chemical composition of the two formed interphases: a solid-liquicbblecinterphase
(SLEI) and the cathode-electrolyte interphase (CEIl). Furthermore, we hagetptesvidence that

LE decomposes during cycling into fluoride species including LiF and, loxides like L{O, and
carbonates (e.g., C0s) as the main componentsiofsituformed SLEI. Based on the synergy
between SLEI and CEIl, we demonstrate that Lijgarnet|LE|[NMC 622 cells cycled withian i
discharge capacity of 168 mAh'@nd capacity retention of ~82% after 28 cycles. We expect our
study of SLEI will accelerate the implementation of a new hybrid elgt#r¢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 densitgxaetient safety
compared to traditional lithium-ion batteries with flammable ligstiate electrolyteSInorganic
solid-state electrolytes (SSEs) (e.g., perovskites, garnets, NASICON-type, etprpmising
candidates that may provide high ionic conductivity and improved energy density. In particul
garnet-type LiLasZr.0O:2 (LLZO) SSEs have a high ionic conductivity in excess of 1 mS am
room temperature and a wide electrochemical widow (~6 V vs.*)L#Ei

One of the formidable challenges is the large interfacial resistance hetlweegarnet SSE and
cathode material due to the rigidity of ceranfit®oor solid-solid interface results in a decreased
electrochemical contact area and insufficient interdiffusion ofituns, which leads to rapid
capacity fade and battery failut@he use of liquid electrolytes (LEs) in small quantities has been
suggested as a possible solution either at the garnet SSE|cathode ioteatageomponent in the
quasi-solid hybrid electrolytes to improve ionic transport in bulk or ainteeface>®"8LEs can
effectively fill and penetrate through the pores of the cathode material and B®E=over, LES
could react either with the cathode to form the cathode-electrolyte oed@&l) or with SSEs to
build the solid-liquid electrolyte interface (SLEY)The decomposition products at the SSE|LE
interface appears as an additional contribution to the overall battery resistaressnmépg a major
barrier to the implementation of hybrid solid-liquid batteries. ShlEb plays a significant role in
regulating interfacial stability and Ltransportation, and profoundly influences the morphology
and structural stability of electrod€sTherefore, a stable CElI and SLEI could minimize the
interfacial resistance and stabilize thé ttansportation between electrodé3o date, some works
have studied the composition and properties of SEEI®The consensus is that SLEI promotes
Li* transport at the interface and is closely linked to electrochemicébripances?4

Interestingly, Xu et al. highlighted the role of n-BuLi as an additive in  BE/DEC (50:50 v/v%)
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that could retard the decomposition reaction of LEs and suppress‘the éxchange at the
interface!®

To better understanding the role of LE in impacting the SLEI evolution and SS-LMBsparice
during the cycling, therefore, we sought to elucidate the formation and gtabiBLEI between
LigsLazoBan1ZriaTaneO12 (LLBZTO) garnet electrolyte and LibiMnoeCo20. (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 literathecuse of
STXM, a nanoscale chemical imaging technique, to examine the composition and working
mechanism of CEIl and SLEI. We demonstrated that the coordination of CEI and &thikzest

the interfaces during the charge/discharge process. Moreover, we further exploredyaedi dinal
formation, composition, and evolution of SLEI. The LE started to decompose anca#éimnuBLEI
formed after the first cycle. More LE decompose with cycle increase, leadingr¢éased values

of total resistance and overpotential of the cell. The formation of SLEI fusctimilarly as well-
known solid-electrolyte interphase in Li-ion batteries, tending to suppress the de¢mmpafsi

LLBZTO SSEs and maintaining good conductivity within the cell.

5.3 Experimental section
5.3.1Synthesis and characterization of garnet

Synthesis
Ba/Ta-doped garnet with the nominal composition @flla, PBap.1Zr1.4Ta 012 (LLBZTO), was

prepared by conventional solid-state synthesis in air using stoichiometric amounts eftiieqss.
The precursor materials were LiN(9%), LaOs (99.99%), Ba (NG)s (99.5%), TaOs (99.5%),
and ZrQ (99%) with a mass ratio of 38:36.4:2:10:13.8 were mixed by ball-milling (Rsérts,
Fritsch, Germany) at 200 rpm for 6h in 2-propanol. All chemicals wereAttarAesar. An excess
of 10 wt.% LING was added to the mixture to compensate for th@ kolatilization during high

temperature treatment.
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After ball-milling, the mixture was dried in an oven at 120 °C to remove 2-pobfaiowed by a
heat-treatment at 700 °C for 6h. The dried powder was ball-milled again in 2-propadiol Tdre

dried samples were ground using a mortar and pestle until a fine powder wagsabtahout
agglomerations. Then the material was pressed into pellets using an ipostsid he pellets were
covered with mother powder (excess amount of pristine powder) in an alumina canciblere
sintered initially at 900 °C for 24h. Afterwards, the pellets were crusimeblpall milled. Finally,

the sample was ground into fine powders and pressed into pellets under 180 kNrfdollomed

by annealing at 1100 °C/6h covered with the mother powder. The heating/cooling rate was kept at
10 °C mintfor all the heat-treatments. Pellets were stored in an Argon-filled glove boxititlago

formation of LbCOs.

Material characterization

The phase purity of garnet powder and electrolytes were identified using a B&ikemwder X-
ray diffractometer (PXRD) with Cu-~- UDGLDWLRQ 7KH PRUSKRORJ\ DQG HOH

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 ag blockin
electrodes (in~PP WKLFN DQG WKHQ LW ZDV FEeéctiddr@mizaVimpeddnge| RU K L
spectroscopy (EIS) was measured with an AC amplitude of 10 mV and frequencjroamdé€

Hz to 0.1 Hz using a Solartron 1260 impedance analyzer. The EIS spectra were olataimedrr
WHPSHUDWXUH WR U& 7KH VL]H RI WKH SHOOWMKLEBDV 7&K H |
total ionic conductivity was calculated usigg L/RS, where L is the thickness of SSEs, R is the

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

5.3.2Cell assembly and electrochemical characterization

Cathode preparation
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To prepare the LiNigMIno 2C 20, (NMC 622) cathode laminate, NMC 622 powder, PVDF, and
carbon black were dispersed in 1-methyl-2-pyrrolidinone (NMP) at a weightafa®0:5:5 and
stirred using magnetic stirring overnight at room temperature. The shkasycoated on an
aluminum foil with an active material loading of about 3 mg?cithe cathode was dried at 85 °C

under vacuum overnight to remove the solvent.

Lilgarnet|LE|[NMC 622 cell assembly
The Li foil was meltedRQ RQH VLGH RI WKH JDUQHW HOHFWURO\WH SH

made of 204. 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 cyclipgrigsased
between 3 V-4.2 V at room temperature with different C rates using a Newad®®X &sting
station. In contrast, cells assembled without the addition of liquid electrolyte danogtled due

to the large cell resistance.

5.3.3Interfaces (CEIl and SLEI) analysis

STXM sample preparation
The STXM samples were prepared using a Zeiss NVision 40 FIB-SEM bgirtieenventional

lift-out and thinning preparation methods for TEM samples. Howevertadtie thickness of the
layers (over 2Fam), the extractions needed to be significantly taller than a typlBaprepared
TEM lamella, and this required extra clearance for a deeper undetbidker top protection layer,
careful adjustment of the over-tilt angle during thinning, and exteatoaeduce warping and hole
formation as the ion beam broadens over the longer distance of the sample heighthauring.
The porosity of the sample and dis-similar sputtering rates ofaheus phases also add to the
challenges of thinning these tall extractions. Thick support frames ordédseasid bottom of the
lamella were utilized to help maintain structural integritytlué extraction. The thinning was

performed with the Ga ion beam acceleration voltage at 30 kV usitiggtithes of progressively
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smaller beam currents down to 40 pA. Final cleaning steps were perfanthethe ion beam
voltage at 10 kV and 5 kV using a glancing angle raster box with the stag® tilegtees 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 beafrieeCanadian
Light Source (CLS). The sample used in the experiment was a thin sectadhafe electrode and
LLZO of 200 nm thick prepared by the FIB milling as being descript in the aboversgskamical
mapping was conducted by Principal Component Analysis-Cluster Analysis (PCAi@Adhe
open-source software aXis2000 (McMaster University, Canada). This method will idexttifyl
groups of spectra, and then calculate the average spectra and display the thickness ciatpd asso

with these spectra.

5.4 Results and discussion

5.4.1Material characterizations of garnet powder and pellet

PXRD pattern of the LLBZTO is presented in Figure 5.1, showing a good agreemerievith
PXRD of LisLasNb,O:2 with a cubic structure (space group®# and no secondary phase. For
comparison, cubic garnet-type structureelLbiNb,O:» is shown (PDF card No.: 00-045-0109).
Besides, there is no peak 0tCiO; at 23 degrees, proving the absence ¢€0; on the surface of

LLBZTO.Y
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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 ofBEa QL
pellet are shown in Figure 5.2 and Figure A10.1. Figure 5.2(a) confirms good densifjttagion
average apparent density is 4.13 g*am calculated in Table A9). A homogeneous distribution of

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

(b)

(d)

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

and O elements.
5.4.2lonic conductivity of garnet electrolyte
7KH I\TXLVW SORWV Rl WKH $X_JDUQUB & DIdXHF\RIQRZ B3HEYQPDLQHG
The total resistance (R) can be calculated from the intercept of thieelguency tail. The total

105



ionic conductivity increases fromtL0* S cm! at room temperature to 6.210%S cm! D W U&

an impressive bulk Li conductivity as reported previousf.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 wiicthé range of other
reported values for garnet-type SSE%,
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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 o0& U &
Fitting circuit is (R1CPE1)(CPE2). R and CPE represent the resistor and the constant phase

element, respectively.

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

Figure 5.4(a) delineates the cycling performance of the Li|lLLBZTO|LE|NMC 622 cell at a current
density of ~0.05C (1C = 180 mAh'g The initial discharge capacity is ~168 mAh gith a '

cycle Coulombic efficiency (CE) of 90%. The specific capacity gradually dezseaver cycling
maintaining a capacity retention of around 82% calculated from 28 chargefdesclieles and the

cell failed at 29 cycle. Charge/discharge profiles of the cell is presented in Figure 5.46b& wi
working voltage at around 3.7 V. The electrochemical performance of the cell at tugiest

rates is shown in Figure 5.4(c). The discharge capacity drops to 160, 153, and 146 wifdn

the current density is increased to 0.1C, 0.15C, and 0.2C, respectively.

The oxidation of carbonate solvents (especially EC) always causes impedance increasergind bat

failure at a high operating voltageAn excellent initial CE after the’'cycle reflects a stable Li
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transportation between electrodes. The lower CE and much higher voltage pofaffiaa 28
cycles with capacity decay suggest that larger resistance is developed attitmelelinterfaces
because of the decomposition of electrolyte solteHbwever, increased overpotential and total
resistance may be related to the formation of SLEI and CEIl interfaces duringlihg pyacess,

as discussed in later sectidfs.
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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.

5.4.4The formation of SLEI interface at different discharge states

To investigate the SLEI formation at the interface for different cydieharge/discharge, two
slices consisting of LLBZTO pellets and NMC 622 cathode was extracted from [th&hee
extracted two slices were washed in DEC by dipping to remove the precipitationafiylesalts.
Furthermore, two thin sections containing NMC 622 and LLBZTO were lifted out aleng t
electrode thickness direction via FIB and were characterized via SEM. Slice 1 and séoe 2 w
scrutinized at the discharged state after 1 (S_01) and 28 (S_02) cycles, relypddiiere is not

LE residue in the opened cell, as confirmed in Figure S2. To identify the differemces i

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 froBEMB-
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 Afhsgectra

for both slices, different colors represent different chemical phatieslifferent oxidation states

of transition metal (TM) cations, accompanying with specific peaks for eacliutogion. The

STXM image (in Figure 5.5(a)) labels the region of the secondary particle of NMC 62pe@hk

at ~851 eV for SSE and region 2 (the interface between NMC 622 and SSE) is duetedgeM
transition cationg? 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 shibvn i

interface (numbered as region 2 in Figure 5.5(a)) where LE was added. Wetwilbge insights
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into this interface in the Section 5.4.5. Then region 1 is claimed as the surthesboik NMC

622 cathode in contact with LE.

In Figure 5.5(b) and (c), the clear contrast difference on the surface of NR@&n@2secondary
LLBZTO particles (zoomed-in regions with arrows in Figure 5.5(c)) demonstthttsthe
existence of SLEI and CElI (in Figure A10.2). A thin SLEI (~several nok)tforms after the first

cycle of discharge. The growth and expansion of SLEI grew with increase of dsniga‘ge
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), supfiat
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 thet caffeator side as
supported by Figure A102324The specific peaks of Mns-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 Mndand Ni Ls between NMC after 1 cycle and NMC after 28 cycles
shows the reduction of Mn and Ni in NMC after longer cycling. Reduced elements indatatest

structural change is caused by electrochemical cyéling.
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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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5.4.5Components and mechanism analysis of the SLEI

To investigate the components of SLEI, XAS analysis was performed for S_01 and S_02ds plotte
in Figure 5.7. The comparisons of chemical elements among interfaceh slibes help trace the
composition of SLEI. Specific photon energy of O 1s at ~533 eV featured a sharp phalkvas

in the interface of Figure 5.7(a) and (b), could from trace water ofamdE 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 soffface
LLBZTO verifies the wettability of LE on SSEs and decomposition of kirdppened even after

1 cycle. On the other hand, a higher signal of LiF in SLEI after 28 cyddsdure 5.7(d), F K-

edge) reveals that more LiF species precipitate with increased cycles. Thep&akeV in Figure

5.7(e) and (f) proves the existence of'Lspecies 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 (esfetlgevi

The known LiF formation reactions from decomposition of kiB&sed LEs are:
LiPFs+ H,O ZLIF + POR+ 2HF?

LiPFs ALIF + PR
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The generated LiF layer will continue to grow until it is thick and dense ertougtevent the
internal SSEs from further attack by EELIn addition, oxygen (not fluorine) is enriched in the
interfaces, in which the results validates the presence of oxides (g).akthe interfacé This
claim further evidenced by the absence of the peak around 531 eV (correspop@sftariiation)

in Figure 5.7(a) and (b) of O K-edge.

Small quantities of LE at the SSE|cathode interface that penetrat8S&® can function as an
ionic conduit for fast Li-ion transfer kinetics. LiPFends to decompose to LiF, which could
penetrate through the LLBZTO pellet. This trend signifies that dissociated LiF asiawontio
evolve denser and thicker SLEI during the cycling process. One characteristiBATOLis its
decomposition when in contact with LE. When LLBZTO garnets are in contdctE, a SLEI
may form due to electrolyte decompositiénDecomposed 1% arises from LLBZTO
agglomerated on the surface and tends to diffuse into SLEI. Besidésnayhave reacted with
the LE and is oxidized to produce Lsa&nd LaOs in SLEIL. These poor Li-ion conductors (e.g.,
La,Os) in the SLEI might increase interfacial resistance over fi&ong Lewis acids possibly
activate decomposition reactions in the SSEs, such as L3’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 5l8&aypreads
to wet the surface of LLBZTO SSEs and enhances the interfacial contact witli@622 cathode
after cell assembly. Additionally, uneven surfaces on the SSEs become relddivelyen LE is
immersed into micro voids. In Figure 5.8(b), after the first cycle, 4 fifeomposes to LiF, and
LiF in turn sustains on the SSE to participate in the preliminary SLHEtreamion. In addition,
LLBZTO is unstable and has a tendency to dissociate upon contact withReteased L4
oxidizes on the surface of the LLBZTO particle and participate in the évolot SLEI. Figure
5.8(c) exhibits the SLEI grows and expands along the whole grain boundaries of SSIB after

cycles. Note that LE completely dries that suggests a transformation in the dominatetommpos
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of the SSE|cathode interface. Increased LiF apd lzalidates higher contents of inorganic species
in a thicker SLEI that enables better interface compatibility and longHattery cycling. Finally,
SLEI consisting of fluorides, L&s, Laks, and LbO plus LE decomposition residuals ensure a

contact at SSE|cathode interface.

(b) (c) d LF
(a) NMC 622 cathode 7 La|:3
Liquid electrolyte |: LiZO
SCEl LLBZTQ , Li,CO,
2

kgraind article m
L& — LE penetrate] — SLEI growt LE decompOSItlon
\\ g i iy m 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 remairtied at
interface after 1 cycle; and (c) LE exhausted and a thicker SLEI build-up after 28 cycles.

5.4.6The 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 teacts wit
near-surface NMC 622 secondary particles. In Figure 5.6(a) the O K-edge spectra aeV¥528.5
NMC 622 region corresponds to the*N8d-O2p hybridized state. A relatively broader peak at
~530 eV could be attributed to the #MrBd-O2p hybridization. The peak at ~532 eV arises
primarily from the Mid* and N#* 3d-O2p and indicates Mt and N#* in the pristine NMC622 was
reduced at the surface after 28 cycles. In the interface, the sharp peak at ~53Zat¥sirtbe
existence of oxygen species in this region. It could be assigned to Oét%((tc,cO) transition
because no significant amount ofl &ansition metal is detectable in this region, which is
contradicted to that in region 1 in Figure 5The existence ofaU(C=O) transition indicates the
presence of carbonate in SL2&F°

Surface etching starts at the beginning of cycling and tends to take place along the grain boundary
of the NMC 622 particlé! 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 meldfettia
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secondary NMC 622 particle. The morphology change of the cathode surface indieatetoa r

with the LE and the formation of a CEI.

Propagated cracks may induce to inhomogeneous lithiation/delithiation and result in battery
failure3? 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 préc€$éThe 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 af
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 infiltrathenetondary

NMC 622 and trigger the formation of transition metal fluoride (TM-F) in Figure 539¢bThe
permeation of LEs into the cathode material would retard the serious reductidn*ofind
suppress the voltage faéfeThis describes that TM-F bonds can not only raise the energy barrier
of the EC ring-opening reactions, but positively affect the electrochepadarmance of the NMC

with EC-based electrolyté.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 k-edge; and (d) Ni L-edge.

5.5 Conclusions

Our work has studied the role of small quantities of kiB&sed liquid electrolytes at the interface
between garnet SSEs and NMC 622 cathode. We firstly conducted high resolution STitkkewit
XAS analysis to explore this interface after different cycles. The resduifiegehe formation of a
SLEI at the solidified interface resulting from the decomposition prod@itked E. SLEI began
to be established after the first cycle and became thicker during cycling processidial LE
was found by visual inspection at 28 cycles of the cell. A SLEI dominantly consisis, dfaF;,
Li.CGs, and LpO.

The battery failure after 28 cycles might be mainly attributed to the Lé&tmasition 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 nespbasible for
the high internal resistance of the cycled battery. In the future work, to mairffagiresticontact

at the SSE|cathode interface, it is essential to investigate the proper afbEnaddition that
would minimize the interface resistance at the same time. Additionatlyefwoptimizations of LE
(e.g., high salt/solvent molar ratio or with additives) are required to improwhdngical stability
of SLEI**2Hence, we believe that the hybrid electrolyte approach to form a more &iltist
could resolve the interfacial issues and enable a long-term performance-atatilithium metal

batteries.
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Chapter 6
(OXFLGDWLQJ WKH RULJLQV RI UDSLG FDSDFLW\

VROLG VWDWH OLWKLXP PHWDO EDWMW

This chapter has been adapted from a research paper publidoedial of Physical Chemistry C

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

6.1 Abstract

Hybrid solid-state lithium metal batteries (SS-LMBs) incorporate Isamralbunts of a liquid
electrolyte (LE) to overcome interfacial instabilities between cathodes and solid-atateles.
However, hybrid SS-LMBs suffer from a rapid capacity fade after few cycles that are notyyet ful
understood. Here, to shed light on this phenomenon and mechanism, we report thexusituof
post-mortem analysis of LiltiLaz iBao.1Zr1.4Ta0.6012|LE|LiNio.éMno 2Cap. 0. (NMC 622) cells by
scanning transmission X-ray microscopy (STXM) combined transmission withqgraphy and
X-ray absorption spectroscopy (XAS). We find that the mechanism is complex and that
microstructural and chemical phase changes, oxygen vacancies formation associataalsivitmt
metal dissolution, as well as contributions from the cathode-electiolgtphase (CEI) and solid-
liquid electrolyte interphase (SLEI) play a key role in the deter@raif battery performance of
hybrid SS-LMBs. We expect that our findings will help advance the development ridl 3%

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

6.2 Introduction

Growing demand for energy storage in electronics and transportation have sparkgdeadies
research in solid-state lithium metal batteries (SS-LMBs) as a aafehigher energy density
alternative to conventional Li-ion batteries. Substituting an inorganic solid-stati®kykec(SSE)

for an organic liquid electrolyte (LE) removes the risk of flammabiéiyen at elevated
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temperatures. Garnet (LasZr,O:,, LLZO) is chemically stable towards metallic 13.A tiny
amount @) of LE is added as the cathode interfacial layer to improve the interfacitdct while

anin situ solid-liquid electrolyte interphase (SLEI) as a result of the reaceomeen the LE and

the SSE during the charge/discharge proee$g?1°

SS-LMBs are projected to perform with improved energy density, especially wheraavith

high capacity (200 mAh§250 mAh g@') cathodes (e.g., LiNi,Mn,Co,0,, 1-x-y R0.5, NMC).
Likewise, NMC cathodes go through considerable capacity degradation especially witgen be
cycled at high voltages (>4.2 V versus Li)Li**2 In the case of NMC in liquid Li-ion batteries,
various mechanisms have been identified, such as surface chemical instability, oachani
destruction, transition metal (TM) dissolution, and side reactions between the catitbde a
LEs1?131415 These inherent drawbacks, in combination with one another often lead to cell
degradation and safety hazards. Additionally, the surface of NMC particles undargbase
transformation, typically accompanied by oxygen loss and a volumetric change in tlee lattic
structure'®’ In comparison, the dominant causes of capacity loss in SS-LMBs are insufficient
interfacial contact and large polarization at the SSE|electrodes intérf&mall elastic
deformation of SSEs results in non-uniform accommodation of NMC cathode volume change
during Li-ion extraction/re-insertiol. The micro stress created during cycling causes mechanical
and structural cracking to the cathode materials (e.g., crackiGgmpared to LEs, SSEs cannot
SLQILOWUDWH" LQWR WKH FUDF N V-iah HiFuBixry whiéhllesd&tbl ssv&r® ZHU N L
battery failure even at low cycling rateBesides, the robust and conformal in situ formation of a
cathode electrolyte interphase (CEI) is another critical factor iiliztadp the NMC performance

and hindering the side reactions with electrolytes during cyélitg.

However, in the hybrid system, the formation of SLEI introduces extraleaitypto distinguish

the influences of interfacial stability on the cathode performance. Fudhermt is vital to

simultaneously monitor the microstructural and chemical phase change in the NM@gartd
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correlated them to any battery performance degradation. To the best of our knowleégeasher
been no systematic investigation of the capacity deterioration (capacityioete80%) in the
hybrid SS-LMBs using NMC cathodes. In this work, for the first time, scartrémgmission 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-LME with th
LiNio.eMnoeCm 20, (NMC 622) cathode at the nanoscale. The high-resolution STXM
ptychography visualizes the microstructural evolution in the secondary and priméciepat
different discharged states. In addition, using the direct principal component analysisBEA)

of the phase distribution and XAS spectra for the NMC 622 particles, we disclose tthieathe
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 aphety decay could

be the formation of chemically resistive CEl and SLEI layers, correspondingeasectinterfacial
resistance of SSE|[NMC 622 and cell overpotential. Our work highlights the rble céthode in

the hybrid SS-LMBSs, revealing the mechanism underlying the poor cycling performdheeell.

6.3 Methods

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

The detailed preparation of the garnet electrolyte (thickness = 0.8 mm, diarh&tems) has been
reported elsewher®eTo 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 st#tirggl magnetic
stirring overnight at room temperature in 1-methyl-2-pyrrolidinon®P) Subsequently, the
resulting slurry was applied onto an aluminum foil with an active mateading of approximately
3 mg cn¥, followed by vacuum drying at 85 °C overnight to eliminate the solvent. ilfhevhs
used without any calendaring process. The Li foil was applied to one side of thiepgdliateat

U & & of the commercial liquid electrolyte (1M LiRF EC/DEC, 50:50 v/v %) was added

to wet the interface between the garnet and the NMC cathode. The cell was assemal2d3gto
124



type coin cell. Galvanostatic cycling was carried out between 3 V to 4.2 V voliadewvat room

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

6.3.2STXM sample preparation and X-ray ptychography analysis

Briefly, the same lift-out and thinning preparation approaches for TEM samplesused to
prepare the STXM samples (Zeiss NVision 40 FIB-SEM). STXM experiments \eei@med
using the 101d-1 SM beamline (under a vacuum pressure“ofmbar) of the Canadian Light
Source (CLS) at conventional transmission and ptychography mode with a higher spatitiresol
of 10 nm. The X-ray beam is focused by a Fresnel zone plate (ZP) imtp sptt that passes
through an order sorting aperture (OSA) to choose the first order diffrbght and filter out the
stray light. The beam is further irradiated on the sample at the focal poiné aohe plate.
Convention STXM was collected by a photomultiplier tube (PMT) to form a pix@l2D image
which is realized by a raster scan of the sample. Ptychography STXM was gathereddiggecor
X-ray scattering images of samples using a CMOS or CCD defécforextract the chemical
phases and their associated transmission soft-XAS spectra, the built-in pricaipabnent
analysis (PCA) module of the open-source software aXis2000 (Adam P. Hitchcock group,

McMaster University) was used.

6.4 Results and discussion

6.4.1Cyling performance of Lijgarnet|LE[NMC 622 hybrid cell

The performance of the Lijgarnet|LE[NMC 622 hybrid cell has been verified and the cell shows an
initial discharge capacity of ~168 mAht gvith a 1st Coulombic efficiency of 89.9%) in Figure
Al11.1, is similar to what has been reported previotiglfter 28 charge/discharge cycles, the cell
indicates a capacity retention of ~82% while the Coulombic efficiency nsmaai~100%. It should

be noted that the Coulombic efficiency is marginally greater than 100% in many cyclesti&hile

exact reason is unclear, side reactions leading to excess discharge capacity, or measwesnent err
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are possible reasons for this observation. Although various degradation factors have aarimpac
the cell resistance increase, in this work, we specifically focus on the Njt&daeion phenomena

and mechanisms upon cycling.

6.4.2Microstructural 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 thedmathickness
direction. Microstructural characterization was carried out using FIB-SEMhatdresolution
STXM, which reveals the presence of micro-cracks in both slices (desighd€ 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 particledl) assaracks

(in Figure Al11.2(a)) and may have developed during the fabrication of thedeataminate.
Moreover, as white arrows indicate in Figure 6.1(b) as well as Figure A)1tRé degree of
cracking gradually declines away from the outer surface and the cracks praopigtite central
regions of the secondary particle. One assumption of this microstructural danllageoatticle
level (associated with Figure Al1.2(a)-(b)) could be produced during the syribésis long-
time cycling?* In particular, the particles stacking and forming localized swesfd be higher for

a high-loading and thick electrodeAs a result, the NMC cathode has cracked or even fractured
into isolated and/or deactivated primary particles from the conducting netwesikting in a
capacity loss in the first few cycles. Therefore, a certain cathode loadatgiised to suppress the
particle cracking and fractufé Single-crystalline structures of the NMC particles and atomic layer
deposition coating are normally recommended in raw powders for cathode fabticatiommize

this effect?®2’"However, in this case when the cell was disassembled, the electrddg detached
from the current collector, which suggests a micro-delamination may have alreadgaccurr

The 1-cycled primary particles show no obvious cracks (in Figure 6.1(c)). In contrast, as seen
Figure 6.1(d)-(e) and Figure A11.3(a)-(b), no large porosity is observed in the secondalgsparti
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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 alogpthdoundaries into the
interior of the particle. In the core region (in Figure 6.1(e)), more nuk@oks were observed
between differently oriented primary particles. The primary particles in theatesgions exhibit

more random crystal orientations compared with those in the outer surfasimgcanore non-
uniform deformations and micro-cracke® Poor electrochemical contact among primary particles
can consequently deteriorate cell performaficadditionally, primary particles are developing
some intragranular cracks, as shown by yellow arrows in Figure 6.1(f). These microcagcks m
have formed as a synergetic result of ongoing oxygen losses, internal migrpastcbanisotropic

volume fluctuation during Li extraction/re-insertiéft+!

Outer'surface

after 1‘¢;(Qle

- N

ross section
fter 28 cycles i

r. 4
. \‘ ﬂ.' s 1 micro

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-UHVROXWLRQ 67;0 7KH 3V Xigur® & Hc) W (f/ iS thé regiohs@rdul
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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.

6.4.3Chemical phase evolution of discharged NMC 622 after cycling

To access the local chemistry in the bulk of secondary particles, STXM togétind?@A was
performed for both slices. Obtained STXM and XAS results for NMC_01 are displayeyline F

6.2. Different colors (the right image in Figure 6.2(a)) reflect difierchemical phases with
different oxidation states of TM cations, correlating to specific peaks @r ealorful region

(Figure 6.2(b)). In Figure 6.2(c), the peak intensity of oxygen absorption is substantiallgndiffer

at the surface (red areas) and the bulk (green areas). The peaks of O K-edge at ~528'3cV (Ni
02p) and ~530 eV (M#f13d-O2p) almost vanish for the outer surface, indicating significant oxygen
loss and the creation of oxygen vacancies on the particle surface. The loweritenkity (in

Figure 6.2(d)) for the red spectrum further suggests that some surfécspdcies are reduced and

both Mr** (at ~643 eV) along with Mt 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 cyclectesidepi

in Figure 6.2(e), which exclusively originates at the surface region (including the é>quuace

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, thealefticbde

directly exposed the particle surface to the LE and exhibited decreased TM ct&nenttearly
observed in Figure A11.4, the Nig-edge and Mn -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 attenuatiomedi(c) depicts a
low-intensity peak O K-edge at ~533 eV {18id-O2p) inside the particle, which is matched by a

low value of the Ni k/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.
7KH 3VXUIDFH” LV WKH UHJLRQV - sEcKQaBy partidesRfieWltytleH GJH R
(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) Compdrison o
the XAS spectra of (b) wide survey; (c) O K-edge; (d) Mretge; (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 resuls $pectra in
Figure 6.3(b)). A greater peak intensity of O K-edge at ~533 eV (in Figure 6.3(cateslithat
more NF* 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). Withr Mhigh@tensity
for the orange spectrum in Figure 6.3(d),*Mnith reduced M# (high peak at ~643 eV) and Ktn
(low peak at ~641 eV) species are primarily maintained in the bulk region. As the cycle increases,
more decomposed LE products, includingQ,iLi>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 Figwe®,68gbably
due to LE localized decomposition in the fractured cathode particle. The sfgNaL-edge in
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Figure 6.3(f) is not apparent on the surface, which may be because the focused regiorotonsists

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.
7KH 3V X4 theFddions 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 k-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 ayaleblock the

Li-ion transport onto the surface, facilitating the surface degradation afrélcked cathod#.
Besides, cracked cathode particles cannot maintain the CEI integritylLBdhereby would be
consumed to regenerate it. A thick CEl would decrease the ionic conduatiditsimultaneously
increase the interfacial resistance of the Li-ion re-insertion into thiglpastirface, leading to
increased overpotential and total cell impedance. Capacity degradation could occur as a combined
consequence of a net reduction reaction and crystal structural d&ntagerms of the cycling

performance, a relatively low value of th#& Coulombic efficiency (~90% as reported previously)
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represents the irreversible capacity loss upon the early-stage cycling primainly wwthe
formation of the chemically resistive CEl.

The consensus from literatures suggests the oxidation state of Ni aémaéh homogeneous in
the pristine NMC 622 particles from the surface to the Btik®>*To examine the distribution of
chemical phases in the secondary particles from NMC_01, STXM combined with PCA
qualitatively distinguished between®Niich areas (green) and®liich areas (red) in Figure 6.4(a)-
(b). Most primary particles are rich in¥iwhile minor particles are passivated by'NMore N#*
species distribute along the exposed surface of the porosity, as supporteghyr-@ensity peak

of the NF*3d-O2p (at ~533 eV) in Figure 6.4(c). This finding suggests that some primary prticle
are initially over delithiated and not restored to their fully lithiatedesafter 1 cycle, indicating
the poor cycling stability and increased overpotential of the NMC 622 in the hylstiehsy
Additionally, the chemical phase heterogeneity and the evolution of the internainsigat have

exacerbated microstructural changes in the electfode.
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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 Kaedge
the distinguished regions from Figure 6.4(b). Cluster 1 is the spectrum for the exposeel surf

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

6.4.4Heterogeneous phase distribution of discharged NMC 622 after 28 cycles
131



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 spediigure 6.5
display clear differences in chemical phase distribution inside the paifiola NMC_28. XAS

results from repeated STXM (Figure A11.5) demonstrate that there is no dppdiatiion damage

to the garnet and NMC particles. STXM imaging under specific X-ray energy caroumap
elemental distribution (i.e., more elements in the darker black regiangtychography 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 botfi3#02p and N#*3d-O2pin

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),aghiekponds 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 caticalie latolonged
cycles® The production of TM-F may increase the energy barrier for the EC ring-opening process
and deteriorate the cell performance at prolonged cytlesithermore, 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 fracturedrprparticles
processing enlarged surface areas. Interestingly, grain-boundary regions betwesnt pdjaary
particles are quite clear, and more oxygen is released at the surface of the secotidey par
(thickness of ~50 nm).

As supported by the darkest color in Figure 6.5(g), the BAadge peak in cluster 1 of Figure 5(h)

has the maximum intensity in Figure 6.5(i), which confirms that the Mn species was &dygh-
oxidation state (M) 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 o
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visible grain boundaries observed in the green regions (cluster 2 in Figure 6.5(h))egult, the

Mn reduction is concentrated at the outer particle surface (cluster 3urefd(h)), which also
supports that oxygen release occurs simultaneously. The STXM in Figure 5(j) and PCA map i
Figure 6.5(k) show that Ri/Ni?* species are heterogeneously distributed in the primary particles
close to the particle edge. According to a low-intensity peak of the blue redimure 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. Comptreithen
surface and the outer edge regions, the Nedge spectrum of the bulk exhibits a ~0.3 eV edge
energy shift toward higher energy, which reflects an oxidation increasei.fér INgher 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 ¢édvindreing reduced here
after 28 cycles, as evidenced by a high-intensity peak of cluster 2 in Figure Bhige)llows Mn

to compensate more charge during the delithation process, whereas less charge compgensati
required from Ni cations. Based on these results, it is possible that the major oxygen fiaias
around Ni and that its reduction is more irreversible than Mn. We hypothkatza the relatively
short-term cycling, primary particles that had agglomerated at the outer sha@dseen over
delithaited due to the LE attack and decomposition mainly after 1 cycle. Nitimigdid not
happen during the lithiation process in prolonged cycngdditionally, progressive oxygen
release is invariably linked to the surface phase transformation and disgrdeM cations,
which are related to irreversible capacity I16s8y accommodating lattice variation between
neighboring primary particles, cation disordering may accelerate the generation of oxygen vacancy

at the same tim®&.

133



1P a0
o.*zd'(,)-;d'dl
W W
O K-edge —— Cluster 1

uster 2
——Cluster 3

intensity
7%
’ y s
I g
7
-
I ™
1 - ¢
\ o
A
v g
\ "l , T T T T
’ 525 530 535 540 545 550
- Photon energy (eV)
| M-+ LiF
F K-edge Cluster 1
—Clu.ner.’;
& -
£
z
o
=
=
‘E /___-_‘_—\_/—\/_‘—.\__—-
o
=]
w07 micro s - 680 685 690 695 700
691.80 eV ¥ A £y Photon energy (eV)
Mn Leedge  Position ! S
Cluster 3

ssssm 0.7 micro

635 640 645 650

643.60 eV
Photon energy (eV)
Ni Ly-edge Cluster 1
—CIuQ!er 3

Position

N

Position

D>

0D intensity (a.u.)

850 B.;DZ 854 Béﬁ aés 860
Photon energy (eV)

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 rgappin
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). §)siéctra of
the F K-edge. (g) Ptychography STXM amplitude image at the dedpge. (h) Elemental
distribution mapping from Figure 6.5(g). (i) XAS spectra of the Miedlge. (j) Ptychography
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STXM amplitude image at the Nitedge. (k) Elemental distribution mapping from Figure 6.5(j).

(I) XAS spectra of the Ni4-edge.7 KH 3V XUIDFH’  HyWe\BS()FI), (d) &d (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.

6.4.5SLEI effects in discharged NMC 622 after cycling
For NMC_01, XAS results from the STXM (Figure 6.6(a)) and the specific photon erfebg-0

edge in Figure 6.6(b) has a sharp peak at ~532.5 eV. A high-intensity peak signal atfiezinter
suggests that oxygen is enriched between garnet and NMC 622, majorly resultingdrb t
decomposition after the initial cycle. The generation of HF is known to ocoun ftE
decomposition, and the presence dfdduses TM dissolution by attacking the cathode sutface.
The identical peak intensities for the cathode surface and interface regions in Figungrévide)
evidence that La species dissolve from the garnet when in contact withfteE 28 cycles, the
SLEI on the garnet surface thickens and becomes increasingly enriched with decomposed LE
byproducts (such as 10 and LyCO; 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 Figbifg)-(h)) suggest
that La species may re-deposit onto the SSE surface durinfjaield. Diffused L&' species were
maintained at the interface region; whereas less (aalower peak intensity indicated in Figure
6.6(f)) was dissociated from the garnet during the cycling, as confirmed by a Widierof the
O/Laratio for NMC_28 (in Figure 6.6(g)-(h)). The fact that no detected4edge signal in Figure
6.2 and Figure 6.3 proves that no decomposétft@m the SSE reaches the surface of the NMC
cathode. Interestingly, TMs species are visible at the surface of SSHy(ire A11.6). Such a
chemically resistive SLEI with dissolute TMs would increase the intetfiesistance 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 LasMdge. (d) STXM image of NMC_28. (e)-(f) XAS spectra

obtained from Figure 6.6(d) of O K-edge and Laa&dge. (g) Comparisons of XAS spectra in O
K-edge. (h) Comparisons of XAS spectra in Laddge. 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 HifdBag 1211 4Ta.6012

(LLBZTO) garnet|LE|LiNb.eéMng.2C.20> (NMC 622) cathode hybrid SS-LMBs. Tk& situpost-

136



mortem STXM study of cycled NMC 622 electrodes provided direct evidence for thenerisif
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 aadduccation
dissolution. More importantly, the defective cathode cannot maintain its struatutadhemical
stability leading to a capacity loss at the early-state of battery cyclingld3dound that oxygen
release occurs after the first cycle causing a heterogeneduNiNiphase distribution in the
secondary particles. Besides, upon further cycling, the anisotropic volume change of N®¢C latt
and continuous oxygen loss initiate many intragranular cracks. It is supported by STXM #ith PC
map that the main oxygen release occurs around Ni and penetrates the bulk iofidhe NMC

622 particles. In the meantime, the formation of a chemically-resistive it dissolute TMs

and TM-F species on the cathode surface may block Li-ion re-reinsertion sites atdhlgven
results in capacity fade. We believe that further optimization of LE and cathage desessential

to improve the overall performance of NMC cathodes in the hybrid SS-LMBs.
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Chapter 7
&RQFHQWUDWHG SUHFLSLWDWLRQ HOHFWURO\W

PHWDO DQRGH

This chapter has been adapted from a research paper submitteddortia of Power Sources

7.1 Abstract

Realizing high-performance lithium metal {Lbatteries requires the presence of a robust solid-
electrolyte interphase (SEI) on the® kurface that forms before or during operation. Herein, high
concentrations of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) arfddiin nitrite (LINGs)

are employed to create a novel concentrated precipitation electrolyte (CH&)marach inorganic-

rich SEL. It is found that an ultrathinanode (thickness of 25 pum) in the CPE remains highly
reversible over 300 cycles with an average Coulombic efficiency (CE) of 97.2d%@symmetric

CulLi cell. The CPE enables superior stability to the Like€ahode at a high mass loading of
~15 mg cnt 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 diN@nhancing the
physiochemical properties of the SEI surface layer. It is believed that this desiggpt and the

findings can be broadened in optimizing SEls via electrolyte engineering for prattibatteries.

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 requirementsllfenesy
densities greater than 300 Whk§23*An excess of l%generally used to compensate for Li losses

in most state-of-the-art Libatteries (LMBs) decreases the practical volumetric caphcity.
Therefore, in practical LMBs, a limited thickness of &hode coupled with a high mass loading

cathode as well as a low negative to positive capacity ratio are necessaryupsrditachieve
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projected energy densitiésFor instance, anode-free (or anode-less) batteries (N/P = 0) represent
an effective strategy for maximizing energy densities by eliminating enough Li redeowoithe
cells’8

The electrochemical performance of kelies on the formation of a solid-electrolyte interphase
(SEI) upon the Li plating/stripping proces# fragile SEI that initially establishes on the® Li
surface cannot accommodate electrode volume change with repeated cycling, and fradtured SE
FRXOG EUHDN WKH HOHFWULFDO FRQWDFW D®A&ctHdingyH GHQGU
rationally inducing a mechanically robust and chemically stable SEI genemtessential for
stabilizing LP performance and restraining capacity loss over a long cycfé @fee strategy is to
modify electrolyte components and construct functional interphases (e.g., icetighnSEIS),

such as highly-concentrated electrolytes (HCESs), localized highly-concentraeitolgtes
(LHCES), and suspension electrolyté$> Compared with organic-rich SEls, inorganic-rich SEls
tend to effectively inhibit Li dendrite growth and stabilizé tiigration between electrod&sAs

SEls growth on L% are directly linked with the Lisolvation environment, the other pathway is to
modulate L solvation/de-solvation structure and/or strength (e.g., weakly solvatingobfezs)

and adjust reaction kineti¢§>1¢1’For example, by increasing the number of components in the
electrolytes, a wider distribution of diffusional barriers from divesskvation structures could
facilitate diffusional channels via the available percolation netork.

However, going beyond the features of principal chemical components in th®lglest the
impacts of modifying phase behavior on electrolyte electrochemical rperice and SEls
properties remain unclear. The diversity of local interactions amohgahions, and solvents
introduces extra complexity to clarify the kinetic characteristics commonly atesbeigh the
diffusivity and conductivity of concentrated electrolytes. Additionally, achieving >@é&tombic
efficiency (CE) without LY 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 aravingpreversibility of
ultrathin L° anodes (thickness of 25 pm). To the best of our knowledge, there is no literature on
the formulation of the CPEs and investigation into the role of precipitatiofiiencing inorganic-

rich SEI development. Both lithium bis(trifluoromethanesulfonyl)imitl€r'ESIl) 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 tHeanodes from undergoing side reactions.

We demonstrate that a dual-anion CPE (4 M LiTFSI+2 wt.% LiMd,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME), 50:50 v/v %) provides superior cycling reversibility wtrapared

with single-salt dilute and concentrated electrolytes. The precipitatitimeilfCPE serves as a
reservoir of salting-out salts that saturate tHesLiface, and hence establishing a stable SEI and

regulating Li deposition morphology during cycling.

7.3 Experimental section

7.3.1Materials and synthesis

Free-standing ultrathin Lianodes (thickness of 2&n) and LiFeP®@ (LFP, mass loading of ~15

mg cm?) cathode material was supplied by MTI Corporation. The cathode sheets were punched
LQWR GLVFV PP LQ GLDPHWHU DQG GULHG DW U& XQGHU
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium ni&i[LiNOs) were purchased

from Sigma-AldiLFK DQG YDFXXP GULHG DW U& $00 HOHFWURO\\
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<{@1 ppm, HO<0.1 ppm).

1 mol g* (M) LITFSI+1 wt.% LiNGQ; (designated as 1+1 and the same for all electrolytes), 1 M
LITFSI+2 wt.% LiNOs (1+2), 2 M LITFSI+2 wt.% LING (2+2), 2 M LiTFSI+4 wt.% LING (2+4),

4 M LiTFSI+2 wt.% LING: (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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7.3.2Electrochemical Measurements

Electrochemical cycling tests of all batteries were based on CR2325 cdiypeadissembled in an
Argon-filled glovebox (@ < 0.1 ppm, HO < 0.1 ppm). 74.8 uL laboratory-prepared electrolytes
were injected into half cells (Li|LFP) with two layers of PP membrane (CERH0) as separators,
one LFP disc as a cathode, and orfefdil as an anode. The anode-free (Cu|LFP) kept the same
amount of liquid electrolyte without the usage of thedriode. Cu foil was washed up by freshly
made 1 M hydrochloricBLG +&0 VROXWLRQ DQG YDRXsafe.GlUdoiHG DW
cells were cycled between 2.5 V and 4.0 V (versus 1i/ai 0.05C (1C = 170 mAh“y using a
multi-channel battery cycler (Arbin BT2000) at room temperature.

Li plating and stripping of laboratory-prepared electrolytes in CulLi celth fvee-standing
ultrathin Li® anodes (thickness of 2&n) were monitored by time (1 h) and voltage (1 V) at a rate
of 0.5 mA cn?. The average Coulombic efficiency (CE) was gained by dividing the totalisgip
capacity by the plating capacityCu foil was used as the working electrode arfdaids used as

the reference electrode. Cyclic voltammetry (CV) of CulLi and Li|lLFP cells witctsel
electrolytes was separately conducted at a scan rate of 0.2 frafrs0 V to 2 V and from 2 V to
4.5V versus Li/Li.

Electrochemical impedance spectroscopy (EIS) of Li|LFP cells witlvas measured after 1, 3,

5, and 10 cycles at a frequency range from 1 MHz to 0.01 Hz with a perturbapbtudenof 20

mV using a BioLogic Science instrument with a frequency response analyzer. 10vegaes
chosen to sustain a relatively stable electrochemical perforrfance.

Lithium transference numbers$)(s) were determined via the Bruce-Vincent method:

- 2% 8 FH5,
VT s Ry

é 8
48 E 4

According to the two formulas abové& ¢y was calculated as follows:

# L
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Where ¢V is the potential applied to the sample during the polarization progéissthe initial
current, #%s the steady-state currendd is the initial solution resistancedg ds the initial
interfacial resistance andg §% the steady-state interfacial resistance. The polarization potential
(¢ 8 of 10 mV were used for symmetric Li|Li cells with various electrolyte# tne polarization
currents reached a steady state. The corresponding EIS data were collected before thied after

polarization. All tests were performed at room temperature.

7.3.3Materials characterizations

Morphology characterization of Lianodes was performed by field emission scanning electron
morphologies microscope (SEM) with a Hitachi SU5000 microscope. X-ray photoelectron
spectroscopy (XPS) analyses of elemental composition on tiveeke carried out using an Axis
Ultra DLD spectrometer (Kratos Analytical, Manchester, UK) with moramiatized Al KUX-

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 morphologynaondition
characterization were performed with Li|LFP cells in selected electrolytagspettively cycled

for 1, 3, 5, and 10 cycles. Ultrathin®Lanodes were disassembled and carefully rinsed with the
DOL/DME solvent (50:50 v/v %) three times to remove residual electrolytbswed by slowly
drying in the anti-chamber of an Argon-filled glovebox€Q.1 ppm, HO<0.1 ppm) at room
temperature to remove remaining solvent. Drie@l dlectrodes 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 electretytdig)fnily
sealed in quartz cuvettes with Argon atmosphere. Differential scanning calor{(D8€) was

analyzedinan NDWPRVSKHUH ZLWK D Khangihg@dmu DWeH VRR Gag) & L Q
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diffraction (XRD) was performed using a Bruker AXS D8 diffractometer equipped with antAl K
beam (1486.6 eV).

In a Li|LFP coin-cell assembly with 4+2 CPE, one piece of lacey-carbon TEM gridREEDA,

INC.) was applied above the °Lanode for deposited Li nanostructure study after initial Li
plating/stripping. To minimize air exposure, TEM grids were mounted on the speniiaen in

the glovebox, carried to the TEM measurement in a hermetically sealed argon tubechlyd qui
inserted into the TEM column in less than 30 seconds. To acquire bothrebihtion
Transmission Electron Microscope (HRTEM) bright-field and annular dark-filed (ARjE)res,

an FEI Titad 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 Jesatedol

in Scanning Transmission Electron Microscopy (STEM) mode using a high-angle asemitar

field (HAADF) Fischione detector. Energy-dispersive X-ray analysis (EDX) speetenfEDAX
Analyzer, DPP-II) is also included with the TEM instrument. EDX spectra were gathered with the

sample titled at 15 degre¥s.

7.4 Results and discussion

7.4.1Physical and electrochemical properties of precipitation electrolyte

As shown in Figure 7.1 (a), up to 2 wt.% Likl@alt easily dissolves in DOL/DME with 1 M
LiTFSI. However, when the salt concentration of LITFSI is raised to 2 M, eithef2 MKNO3 or

4 wt.% LING; (in Figure A12.1) cannot be entirely dissolved at room temperature and eventually
obtains a concentrated precipitation electrolyte (CPE). This interesting paeoommight be
described as the salting-out process of salts in the mixed-solvent $y3teeraddition of a second
solute or solvent alters the solubility of the dissolved substance. Witinthease of the
concentrations for LITFSI up to 4 M but keeping the relatively low mass rakiiN@s; (2 wt.%),

the solution becomes more suspended after being well mixed. Differentialngcaatorimeter

(DSC) was applied to reveal distinct glass transition temperatures, wtichtes in Figure 7.1(b)
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that all the electrolytes are glass-forming liquids, and their glass transition teungesdtift from

low to high with increasing salt concentratidfs.

Raman spectroscopy was conducted to explore the effects of different chemical aasporiee
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 concentratiommensd
diminish for CPEs (2+2 and 4+2). Moreover, the C=0 stretching modes of DME (8QG¥830
shift more than that of DOL (920-950 djrin all electrolytes, which suggests that solvation by
DME is stronger than by DOL, and the peak shift is also affected by salt concenffalibasS-

N stretching band of TFShat 730-780 cm is broader than the range reported by Wahyudi et al.,
implying the involvement of TFSlin the solvation structur®® The slight shift could also
correspond to a strong impact of aggregate ion pafidESI coordination (peak at ~747 cin
than TFSI free ion pairs in the precipitation solutions. It has been well known that T&Sla
lower binding energy with Lj implying a lower de-solvation energy and a rapid kirétic.
Moreover, the S-N band slightly shifts to a high wavenumber in the CPHsaoeto the low-
concentration electrolytes (1+1 and 1+2), suggesting a significant increase*-irFSli
coordination and a decrease in TH&e ion population in CPEs. The aggregate ion pairs have
been previously reported to be a unigueddordination that appear in the HCEs and are beneficial
for Li* transpor£?®© Figure 7.1(d) displays the ionic conductivity at room temperature for the
electrolyte solutions of LITFSI and LiNGn DOL/DME solvent. After being sufficiently mixed,

5 mol g! of LiNO3 cannot be completely dissolved in the solvent at room temperaturevilést

that the ionic conductivity of LiTFSI in DOL/DME decreases as salt concentrations increase
beyond its apparent.&, the concentration of highest conductivity, at 1 M (mél. dn contrast,

the ionic conductivity of LIN® rises linearly in DOL/DME without reaching am& due to
solubility limit.?2d Therefore, controlling the ratio of LiTFSI/LiNGalt to the DOL/DME solvent

is a key factor to preserve those electrolytes that have good ionic conductiegityallie of Li-ion

150



transference number ¢) for the 4+2 CPE is 0.08 (in Table A10), which is way lower than that
of traditional liquid electrolytes (e.g., 0.2-038)This feature may be attributed to distinct kinetics
and the unique structure of the dual-anion solvation shells, which would necelsifate
modelling and theoretical studies. One assumption for ion transport mechathiahthie LT needs
WR 3SMXPS’™ | URASIBoQrHindtion to another (similar to a hopping-like behavior in the
HCESs) in the CPE and the number of associate states is sufficiently high to ensupeociiosity
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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.% LINQ (1+2), 2 M LiTFSI+2 wt.% LiNQ (2+2), and 4

M LiTFSI+2 wt.% LiING; (4+2); (b) DSC traces of the aforementioned electrolytes; (¢) Raman

spectra of various electrolytes: S-N stretching in TE&0-780 crt), C=0 stretching in DME
(800-880 crmt), and C=0 stretching in DOL (920-950 ¢)n(d) Room-temperature ionic

conductivity as a function of ratios of salt-to-solvent (mol per g solvent) for £ a@ LiTFSI.
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7.4.2Electrochemical performance of concentrated precipitated electrolyte

Figure 7.2(a) presents voltage profiles of Cu|Li cells with various electralgezsnitial Li plating.

In the case of the Cul4+2|Li cell, the lowest voltage spike (~114 mV at 0.5 A afibi
nucleation implies that larger Li nuclei was formed on the Cu current collector, and tlokgesn
expected to promote dense Li growth during the initial Li deposition. Wewildr discuss the

Li deposition morphologies on the®lanode with 4+2 CPE in the Section 7.4.3. The precipitated
4+2 electrolyte contributes to well-overlapped Li plating/stripping msfibr 300 cycles with an
overpotential of 57 mV as evidenced in Figure 7.2(b). According to Figure 7.2fe&uj4+2|Li

cell cycles steadily for over 750 h (after resting at the open-circuit voltag® torand exhibits a
stable voltage profile with low electrode polarization that is comparabldheitiow-concentration
electrolytes. For the cells containing diluent 4 and precipitated 2+4 &y¢esrdhe voltage lowers
drastically and irreversibly which typically owing to the formation of a thick arsdable SEI and

a dendrite-induced short circuit in the clin addition, the average CE reaches 97.21% from O to
300 cycles in the 4+2 CPE (in Figure 7.2(f)). This endorses the fact that aSEbtmation
could improve the interfacial compatibility, allowing highly reversible Li deposition/ditsal®®
Figure 7.2(g) depicts the observed reduction behavior of LITFSI, id@d DOL/DME in the
Cul4+2]|Li cell. In the first CV cycle, there is a deep cathodic peak beginnitigddt V vs Li/Li*

that could be ascribed to the reduction ofsN@nd it disappears in the subsequent cycl€She
easy reduction of N©in ether electrolytes serves as the frontier reaction during SEI nucleation
and growth and is critical for the physiochemical properties of thé'@gtiny peak starting from
around 1.43 V could be assigned to TR&tuction?* 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|LRM3=lissembled
and tested, as exhibited in Figure A12.2. The Cul4+2|LFP cell outperforms other electrdiytes wi

the largest initial discharge capacity of 116.31 mAtagd 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 witlapch€s, indicating the
potential of a stable SEI growth.

A slight excess of Li has been suggested as an effective solution to stabiliaéirlg process$?
Herein, an ultrathin L%ifoil was applied in half cells (Li|LFP). The compatibility of all electrolytes
with LFP electrodes (mass loading of 15 mg%mas evaluated by CV. The CV curves (in Figure
A12.3) reveal a high anodic stability over 4.0 V (versus L)/lwith a more stable redox
overpotential of the 4+2 CPE compared to the low-concentration 1+1 electrolyte, demmapatrati

superior compatibility of the CPE with the high-loading LFP cathodes.
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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&.chine inset shows the nucleation energy
barrier for the 4+2 CPE. (b) Galvanostatic curves of Cu|4+2|Li cell after charge/discharge at 0.5
mA cn?, The inset shows the comparison of overpotentials after different cycles. (c) Long-term
galvanostatic voltage profiles of Cul|Li cells with 1+1, 1+2, 2+4, 4, an 4+2 electrolytes at a
current density of 0.5 mA cfa (d-e) Zoom-in regions from Figure 7.2(c). (f) CEs of Cul|Li cell
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with various electrolytes at 0.5 mA ¢ém(g) CV profiles of Cu|4+2|Li cell after 5 cycles (at a
scan rate of 0.2 mV. (h) Detailed spectra of plots in Figure 7.2(c).

As shown in Figure 7.3(a), the employment of 4+2 CPE results in a stable cycling pederior

100 cycles with a capacity reteintion of around 82.8% (an average CE of 99.94% in Figyje 7.3(b

The Li|4+2|LFP cell has an initial discharge capacity of 147.11 mAkvgich is slightly lower

than that of 1+1 electrolyte. More contact ion pairs are preferentially reduced af theface

during the initial cycling and the cell with the 4+2 CPE which leads to a stabtmanmmhct SEF°

Furthermore, the voltage polarizationofthe . /)3 FHOO EHJLQWIW fdomORZ YDO
Figure 7.3(c)) and increases slowly over 100 cycles, implying that the 4+2 CPEhaaseazh
electrochemical dynamics. In addition, the Li|4+2|LFP cell delivers superior rate pemtm finom

0.05C to 0.2C, sustaining around 70% of the specific capacity with a tinyizatilam 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 kiPF
in EC/DEC (50:50 vol.%), 1+1, 1+2, 2+4, 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.

7.4.3Li deposition morphology evolution after cycling

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

scanning electron microscopy (SEM) characterization was performed as shown in Figaye 7.4(
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and Figure A12.4. While the deposited Li on thediirface 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 condentmatreases,

the morphology of deposited Li gradually changes from spike aggregates to granular and finall
into a relatively regular spherically shaped aggregates, matching the findingsddpo@hen et

al.2® This difference after the initial Li plating could be closely associatedtiethability of LINO;

in the ether-based electrolytes, to regulate the Li deposition at arsteaydy* After 3 cycles, the
whiskers are scattered in large aggregates for 1+1 and 1+2 electrolytes, which $wgddst t
nucleation sites are unevenly distributed. Such porous surface accounts for th€Edoand
unstable Li plating/stripping cycling process. For the 2+4 CPE, snsalterical Li nuclei with a

small amount of Li spike is observed, which is consistent with a low digeltapacity and poor
cycling stability in the Li|LFP cells. Surprisingly, uniform disc-like and sighémorphologies are
obtained in the 4+2 CPE with a rather neat surface, along with the highest avieragd §table
electrochemical performance. With cycling, the Li nuclei density and unifotindtgases with
well-connected deposits for the 4+2 CPE, allowing efficient stripping and suppressing the
formation of inactive LY. Combing with these results support that when a higher concentration of
LiINO; is employed for the 4+2 CPE, a denser deposited Li layer is originally produbecearly

stage and maintains its stability during extended cycles.

To characterize the structure and composition of SEI, transmission electron micrdsedpyvas
implemented for the full cell with the 4+2 CPE after the initisdrgle/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 &n spherical nuclei show excellent nucleation behavior. Figure 7.4(c) ilesttla¢ EDX
VSHFWUD RI ) & 6 WKDW PD\ RULJLQDWH IUBP&QWKHBG &G
probably coming from the TEM holders. The detailed SEI composition will bessiedun the

following section.
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Figure 7.4.(a) Top-view SEM images of Li deposited o fdils in Li|LFP cells with 1+1, 1+2,
2+4, and 4+2 after 1, 3, 5, and 10 cycles at a current density of 0.05C (the scale lpam)is(bp
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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).

7.4.4SE| composition analysis

To reveal the synergistic effect of dual anions (T8I NQ) on the SEI components, X-ray
photoelectron spectroscopy (XPS) was carried out on cycfednioides with the 4+2 CPE after
being respectively cycled for 1, 3, 5, and 10 times. No obvious increased conterglealhts
suggests a chemically stable SEI formation. Figure 7.5(a) shows C 1s spectra and dendmstr
presence of CGHpeak (at 293.1 eV) that originate from TF&hions. Organic species such as C-
C/C-H, C-O (ethers), and C=0 (carbonates) are detected for initial and e@i=dvithin 10
cycles. The presence of the organic C species may imply that there is a lbwezrjzation or
other side reactions linked with the solvent reductidRegarding F 1s spectra as plotted in Figure
7.5(b)), peaks at 686.7 eV and at 688.9 eV are respectively assigned andCFFSI species,
suggesting the existence of salting-out LITFSI salts. The position of the peak at 685.A@dEs0i
with the defluorination of TFSto 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 tb the Li
surface, benefiting in the formation of a robust SEI layer and effectively pimeyduatther side
reactions® While without adding LING, 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 Liwith 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 kN, LINO, and LiNQ, respectively¥® The existence of kN, LINO,, and
LiINO3z; enhances the ionic conductivity as well as the interphase stability, which paotillly
contribute to uniform and rapid depositions of n the L?.2° LiN; remains almost constant with
cycle increase. The reaction mechanisms of the kitl§@omposition are aligned with what was
known as below:

01ZEtE 01X E.E1
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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 tod0 and LiF species, respectively. The relative intensities for both peaks
maintain constantly during 10 cycles, indicating a chemically stable SEI evolution. Sueh a L
LisN-rich SEI film in the 4+2 CPE improves the stability of Ahode.
In S 2p spectra (in Figure A12.7), two peaks of S-N (163.7/164.9 eV, 162pfY) and SG*
(165.6 eV/166.8 eV) are derived from the original TESIC’CF; group) and partially decomposed
salt after 1 cycle. Upon cycling, the appearance af $070.0 eV/170.2 eV) corresponds to further
decomposition of TFShfter 3 cycles. The peak of S-N is visible after 5 cycles. After 10 cycles,
the peaks of S§& (166.1 eV/167.2 eV) and SO (167.9 eV/169.1 eV) represent complete
decomposition of TFSIThe S-N in the LiTFSI can interact with Li ions directly. The introduction
of NOs thereby regulates the interactions between Li ions and @R8Iresults in polarization of
TFSH?
The presence of LINODRQO\ LQ WKH OLTXLG V\VWHPV LV FRQVIYGHUHG DV
since it is continuously reacting with depositefl ibi each cycle. Surprisingly, with cycling, the
content of LsN keeps nearly persistent in the 4+2 CPE compared with that of the 2+guie F
A12.8). A relatively small amount of LiNglissolved in the 4+2 CPE is preferably reduced on the
Li° surface but the salting-out of LITFSI may help maintain a nearlyagatlisolution of LING.
In this way, the beneficial effect of the LiFsN-rich SEI layer on the Pianode is maintained.
7KLV NH\ ILQGLQJ LV VXSSRUWHG E\ WKH ZRUN RIDEFMQW KWWV DI
between dual anions could slow down the reaction rate of one%nion.
Relatively higher F/C, F/O, N/C, and N/O ratios and a lower C/O ratie wbtained for the SEI
of 4+2 CPE compared to that for 1+1 electrolyte (in Figure A12.9). Thies confirm that more
anions were decomposed in the SEI than the solvents, which validates higher contergamtsor

species (e.g., LiF, LiN and LbO) involved in SEI for the 4+2 CPE on the kurfacet?
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Figure 7.5.XPS profiling of the SEI layer on ultrathin®with the 4+2 CPE after 1, 3, 5, and 10
cycles: (a) Cls (b) F1s (c) N1s (d) Li 1s

7.4.5Electrolyte/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 oihti2bleiag cycled for

1, 3, 5, and 10 times, respectively. A Nyquist plot is composed of a semiairitle high-to-
middle-frequency region and a Warburg tail in the low-frequency region. The séeninitthe
high-to-middle-frequency region is interpreted as the interface between the BE2add

electrodée'! The bulk resistance of all electrolytes including the 4+2 CPE in the cellstés|opwi
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compared with the low-concentration electrolytes. After the initialegythe cell with 1+2
electrolyte could establish a less resistive interface than the one with 1+1 (& Fig@) and (b)).
While the cell with precipitated 4+2 CPE indicates the smallest interfaciabressfthe smallest
semi-circle) compared to the other three electrolytes, and it remains rglatiable within 10
cycles than the one with 2+4 electrolyte (in Figure 7.6(c) and (d)), tirdica stable and less-
resistive interface (including SEI). The increased charge-transfer resistand¢ebenigine to the

special Li solvation/de-solvation structure at th§442 CPE interfac.

Figure 7.6.(a-d) Nyquist plots of Li|LFP cells with 1+1, 1+2, 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) bynawgrdd M

LITFSI and 2 wt.% LINQ (4+2) in the ether-based system to boost the electrochemical
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performance of the ultrathin Lanode (thickness of 25 um). The distinct ion solvation environment

in the 4+2 CPE induces a mechanically robust and chemically stable SEI. Thewaritbcompact

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%hés] after

100 cycles in the Li|4+2|LFP (mass loading of ~15md)arell. Upon cycling, the precipitation in

the 4+2 CPE works as a reservoir for salting-out salts during cycling, ldaditapilization of the

LITFSI and LINQG reduction on the Lisurface. The formed LiF-EN-rich SEI significantly
improves the reversibility of the ultrathinanode. Unlike all diluent and concentrated electrolytes

so far, the 4+2 CPE with modified*L$olvation structure activates'ltransport kinetics and guides

a stable SEI with enhanced physicochemical features in LMBs.
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Chapter 8

&RQFOXVLRQV DQG IXWXUH UHFRPPHQGI

This PhD dissertation has been majorly concerned with addressing solid-solid andysialid-I
interfaces and/or interphases issues between electrolyte and battery eléctiittdes) batteries.
Solid-state lithium metal batteries (SS-LMBs) with ceramic-based oxetdrelytes hold great
promise as the next-generation lithium batteries due to their reliable $ad¢tyenergy densities,
and excellent mechanical and thermal stabilities. However, attaining pra8&éd remains
challenging because of the point-by-point interface contact between electrolytes andeslectrod
The first part of this work had resolved thé*Tation reduction issue of perovskite-type (LLTO)
electrolytes towards Li-metal anodes. It was found th&tidns reduction leads to increased
interfacial resistance of Li-ion migration at the LLTO|Li-metal interfiaceymmetric Li|LLTO|Li
cells. The use of solid-gel hybrid approach effectively preventét chitions reduction and
decreased interfacial resistance while in contact with Li metals by coRf@rLiTFSI-SN
(35:30:35, wt.%) gel on the surface of LLTO pellets. The flexible gel aintbeface acted as a
buffer layer to alleviate SSEs stacking pressure during the batterybhgskiwas recommended
that a design of SSBs with a flexible coating may beneficial to avoiding sevesec&8king from
assembly.

Aside from the anode interface approach in SSBs, this thesis had significantly echphay
SSEsjcathode interfacial contact when using solid-liquid hybrid approach. lbwas that the
addition of liquid electrolyte (LE) improves the initial physical @mitbetween 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 ahsorptio
microscopy) was applied to identify unique interphases in hybrid SSBs. After Ft

charge/discharge process, liquid electrolyte was decomposed and reacted witholLtof@ a
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new-identified interphase designated as solid-liquid electrolyte interjBagd). At the same
time, a 50 nm thick cathode-electrolyte interphase (CEI) was observhd onter 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 liqeliblgke to establish

a robust SEI in LIBs. Detailed chemical and structural insights into SEI emolati Li-meal
anodes needs to be carefully monitored. The developed LE may be adapted to adtdertitial
additives in SSBs.

Overall, we found that hybrid solid-state electrolyte synergistically comhheddvantages of
SSEs and liquids and enabled improved electrochemical performance of SS-LMBs. Thé&eare a
promising avenues to advance hybrid solid-state electrolytes in the future as ensfuuti
implementation of practical SSBs.

One area of improvement is to optimize the quantity of liquid additives ad ctiemical
compositions to promote the formation of a chemically stable, thin, aitiesff SLEI. It is
recommended that surface coating and microstructural design (e.g., costrahtitre) of Ni-rich
NMC cathodes are necessary to prohibit battery failure. Moreover, the phase change of |
electrolyte in hybrid SS-LMBs should be evaluated in real-time during the battery operation using
advancedn operanddechniques. It would be essential to clarify the consumption of Lifextaht
charge/discharge stages and reveal their influences on the capacity degradation & the cell
Another area of improvement is to combine the surface structuring of@®HEke usage of liquid
additives at the SSEs|battery electrode interfaces. It is recommended thafdbe 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-paltteiis way, more
pathways for Li-ion migration at the interfaces are provided that could demaptoved battery

performance of hybrid SSBs.
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When developing a concentrated precipitation electrolyte (CPE), a theoretical undegstdiitdi
Li* solvation/de-solvation structure (e.g., molecular dynamics simulation and densitiprfah
theory) could help with electrolyte composition adjustments to further imptovebattery
performance. Furthermore, the CEI structure and composition should be evaluated tosgusee t

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

$SSHQGL] 6 XSSRUWLQJ LQIRUPDWLRQ IR

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

Figure A9.2. SEM pictures of the surface morphology for sintered mixed pellets \iénetit
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 a: i)
960 U &B) 1050 U &nd (C) 11700.&
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Figure A9.4. SEM pictures of cut-off sintered pellets: (A) white LLTO; and (B) black LLTO
(color change after contacting with Li).

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.

Figure A9.6. SUUKHQLXV SORWYV IRU FRDW&G SHOOHW GXUI
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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.

Figure A9.8. Cycling performance of symmetric Li | un-coated LLTO | Li cell at different

current densities (tested at GD&

Table A7. Summary of activation energy for coated-LLTO 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
VI\PPHWULF /L FHOO WHVWHG D W. Reult@ntainQRmdftheDasist@cE X UUH QW
of the LLTO pellet), Reerace1(the polarization resistance between PEO-based layers and Li
metal), and Rerace2(the interfacial resistance between coated layers and LLTO pelléghR

cm?) is Row/surface area(cthand R (ohm cm?) is Rew/thickness (cm).

Current ] R
) Stable potential Riotal Ri(ohm Rz(ohm | s.5{mMS
Interface  density (mA
(mV) (ohm) cm?) cmY) cmY)

cm?)

0.01 50 2829.42 1601.13 37725.62 0.015
PEO 0.02 46.85 1325.58 750.13 17674.45 0.032

0.04 84.5 1195.43 676.48 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 22.42 565.88 121

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
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$SSHQGL] 6XSSRUWLQJ LQIRUPDWLRQ IR

(@) (b) (c)

Ba Ta
(d) (e) ®

La Zr O

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 Al11.2, the top-view digital image of opened cell indicated that the active cathode
completely separated from current collector and certain residual retained on the LLBZAe@ .surf

No liquid was found in the cell after 28 cycles after being dissembiza 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_01 (scale is 1 um).

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 0.29 413
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$SSHQGL] 6XSSRUWLQJ LQIRUPDWLRQ IR

Figure Al11.1.(a) Cycling performance at ~0.05C. (b) Galvanostatic charge/discharge curves at
~0.05C.

Figure A11.2.FIB-SEM image of NMC 622 secondary patrticles 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.

Figure Al11.4.(a)-(b) Ptychography STXM amplitude images for surface and inside (bulk) of 1-
cycled NMC 622 secondary patrticles. (c)-(d) XAS spectra for surface and inside (bulk) of 1-
cycled NMC 622 secondary patrticles.
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Figure A11.5.XAS spectra for NMC_28. (a) O K-edge; (b) F K-edge; (c) Mredge from
repeated STXM mapping of the same sample region.

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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$SSHQGL] 6XSSRUWLQJ LQIRUPDWLRQ IR

Figure A12.1.Photo of the dissolution state for (a) 4 M LiTFSI (4) and (b) 2 M LiTFSI+4 wt.%
LiNO3 (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.

~ ™ IM ~

Electrolytes U"¥EM ~Y>eZ¢7 ~UseZzeq ~NZ¥ez47 &5

1+1 1.69 39.86 33.73 1885.49 0.01
1+2 3.24 21.39 5.09 2516.89 0.03
2+2 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 CulLFP cells with 1+1,
1+2, 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 A12.3.CV spectra of (a) 1+1 and (b) 4+2 electrolytes in Li|LFP cells at a scan rate of 0.2

mV st

Figure A12.4.Top-view SEM images of Li deposited on LiO foils in Li|LFP cells with 1+1, 1+2,
2+4, and 4+2 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%with the 1+1 electrolyte after 1, 3,
5, and 10 cycles: (a) &5 (b) F1s (c) N1s (d) Li 1s
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Figure A12.6.XPS profiling of the SEI layer on ultrathin®with the 4 electrolyte after 1, 3, 5,
and 10 cycles: (a) €Cs (b) F1s (c) N1s (d) Li 1s

Figure A12.7.S 2p XPS profiling of the SEI layer on ultrathin®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%with the 2+4 CPE after 1, 3, 5, and
10 cycles: (a) As (b) F1s (c) N1s (d) Li 1s
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Figure A12.9.Atomic concentration of @s F1s N 1s O1s and Lilson the SEI layer of
(a)1+1; (b) 4+2; F/C, F/IO, N/C, N/O, and C/O on the SEI layer of (c)1+1; (b) 4+2.
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