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Lithium-ion batteries (LIBs) have expanded their application from electronics to electric vehicles
(EVs). To ease the safety csatebtreummbaterias(SELBs)h e fir
become a morattractive choice. The replacement of flammable and toxic liquid elecsolyte

with solid-state electrolyt®(SSES) makes it a safer optioithe utilizationand compatibilityof

high specific capacity materials such as sulfur cathode and ltmetalanode increase the cell

energy density. However, SSLBs still face challeng®sards practical application, which

mainly from the solidsolid contact nature on the interfaces. On the anodelgidem dendrite

growth and high interface resistaniseth hindered the longevity of the cell®n the cathode



side, bw initial Coulombic efficiency (CE) anlbw capacity utilizationof sulfur obstructed the

realization of high loading cathosle

In this dissertationl addressed both challenget dendrite and coatt on the anode sidby

adding strontium into lithium anodes. Different from all previous metal/metal oxide coating on
garnet or Li alloy anodes that form lithiophilic interlayatithiophilic/lithiophobic bifunctional

layer is formed to reduce the irf&cial resistance and to suppress the growth of lithium dendrite,
which is confirmed by comprehensive material characterizations, electrochemical evaluations,
and simulations. The optimum -Sr | garnet | LBr symmetric cells achieve a high critical
current density(CCD) of 1.3 mA/cnt and can be cycled for 1,000 cycles under 0.5 mA/im

room temperaturgproviding a new strategy for higpherformance garné&@SLB. Furthermore, |

(1) verified the importance of lithiophobic on dendrite suppression by disogv and
successfully constructing the highest interface enérggadainst lithium)mnaterial ever reported
among all lithium compounds that can be fornmdthe electrolyte | anode interfac€)
revealed the impact of anode properties on the intetfp@nhancing the Li setiffusivity by a
co-doping method, achieved an outperformed critical loading of 4.1 mAdcm 1 . 0?2amA Ac m
room temperature. On the cathode side, | tackled both low CE and low capacity utilization issues
by promoting both Liand e transportation across the cathode | SSE interface, resulting in high
capacity utilization of 96.5% ankligh capacity retention of 88.8% after 145 cycles at a high

loading of 4.0 mAh cm under room temperature insPSCl based SSLB.
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Chapter 1 Introduction

1.1 Sustainable Enerqy arfehergy Storage Devices

With the advent of electric vehicles atite extensive usage warious new mobile
electronic devices, sustainable clean energy has bemmmeeandnore importantor

the whole planet and future generatid@nergy storage devices are ttannections
between clean energy sourdesich as wind energwolar energyetc.)and peple's
practicaldaily life 1, whichcan gathethe energy from the formaourcesandrelease

it for the latter.

Energy storage technoleg can be categorized inphysical energy storage (such as
pumped water storage, compressed air energy storage, flywheel energy storage, etc.),
chemical energy storage (such as various energy storage batlieredatteries
hydrogen fuel cedl, andsupercapacitors, ejcand magetic energystorage(such as
superconducting magnetic energy storage technplSMWES 2. Among which,

lithium-ion battery is the mostuccessfull}commercialized energy storage device.

1.2 Lithiumion BatteriesandNext Generation Batteries

Lithium-ion battery is a secondary battery in which lithium ions are intercalated and
deintercalated back and forth between the posittethode)and negativganode)

electrodes, accompanied by redox reactions. ddthodeis generally a lithium



containing transitn metal oxide; there are many types aainoed materialand
commerciaked lithium-ion batteries mostly use graphite. The electrolyte is generally
a lithium salt dissolved in an organic solvestporous polymer filmis often used as

a separatoto separate thanodefrom the cathodéo avoid shorcircuits. Figure 1-1

is a schematic diagram of the working principle of a lithi@m battery. During
discharge, the lithiuaon stored between the graphite layers migrates and intercalates

into the cathode And vice versa when charging.
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Figure 1-1 A schematic illustration of the working principles of a&@d/Li1xCoO.
lithium-ion cell. During discharge, lithium ions diffuse from a lithiated graphite
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(LixCs) structure (the anode) into a delithialaddxCoC: structure (the cathode) with
conconitant oxidation and reduction of the two electrodes, respectively. The reverse
process occurs during charde.

Lithium-ion battery was first magzroduced by Sony in Japan in the 1990s, utilizing
LiCoO:z2 as the positive electrode and graphite as negative electbdresignificant
advantages such as small sitomg cycle life, nomemory effect, and high working
voltage, lithium-ion batterieshave a wide range of applicationth addition to
portable electronic devices, people's pursuit of electric/hybrid vehicles andtaige

power grids in recent years has also brought litHyatteries intonore exposure

In the past two decades, lithidion batteries and their industries have continued to
flourish. However, in recent years, the existing lithilom battery technology has
gradually been unable to meet people's increasingly stringent requireorents
batteries for mobile consumerelectronic devices, electric vehicles, dadgescale
energy storage systemdext generation battemgchnologeshave gradually become a

hotspot.

Although lithiumion batteries are powering almost everything in our daily life from
your cell phone, laptop to even electric vehicles, scientists are still pursuing next
generation batteries to make the electric vehicle range longer, the cell phone charge
faster and the laptop battery lighter. And most importantly, making a high safety

battery to protect people from any accident caused by the batteries thermal runaway.

The allsolid-state lithium metal battery is believed to be the ultimate answer

which the substitution of flammable organic liquid electrolyte to solid state
3



electrolyte (SSE) provides the safety while the substitution of graphite to lithium

metal anode provides the high energy.

1.3 All-Solid-StateLithium MetalBatteries

The basic streture and working principle of a#lolid-state lithium batteries are
similar to those of traditional lithiuson batteries* As shown inFigure 1-2, the
lithium-ion battery is composed of cathode, separator, electrolyte, anode and current
collector. While theSSLB keeys the solid electrode andrepla@sthe separatoand

liquid electrolyte with a soligtateelectrolyte(SSE).

CONVENTIONAL BATTERY SOLID-STATE BATTERY

e l l Celeel ANODE CATHODE

ELECTROLYTE

SOLID ELECTROLYTE

Figure 1-2 A schematic illustration of thetructureof asolid-state batteries

TakeLiCoOzi Graphite lithiumion battery as an example:

Cathode: DQOLWNQOED AWQ o



Anode: @@ wWQ QP 0@

Overall reaction: 0Q6 & 6P 0 QO6E0V 0@

When the anode material is substituted to lithium metal, the cathode reaction keeps

the same, while the anode an overall reaction become:

Anode: WwWQ QP wwQ

Overall reaction: 0D0QO L QOED ) 'Q

Given the fact that most of the currentsdlid-state batteries use metallic lithium or
lithium alloy as the anode and it is also the main subject this disseffiatioseson,
this article collectrely refers to such batteries as sddtdte lithium metal batteries

(SSLBs).

1.31 Advantages of Soli$tate Batteries

Compared with traditional lithiurion batteries, SSLBs have the following technical

advantages:

1. High energy density. Thanks to the excellent stability and mechanical strength of
the SSEJithium metal is expected to be used in SSLB. Lithium metal is the lightest

met al el ement in the periodical tabl e.
vs. standard hydrogen electrode potential) and an ultrahigh theoretical specific

capacity (3860 m Ah d?%). In addition, when higivoltage positive electrodes are

t



used in conjunction with lithium metal, the energy density of the battery can be

further impoved.

2. The shape of the battery is highly expandable and has a wide range of applications.
Thanks to the material diversity agdod processability SSLB can be produced in
various forms, such as sputtering, pressing, castingwich areapplicableto a

variety of occasions.

3. Higher safety. SSLB utilizes SSE instead of toxic, flammable organic electrolyte
that consists of organic solvent and lithium salts. It can solve the leakage, corrosion
and other issues in traditional lithigion battery. Inaddition, inorganic solid
electrolytes have significantly improved heat dissipation compared with liquid

electrolytes.

4. Simplified battery pack design. Single SSLB can be connected in series in order to
reduce the waste of energglumetricdensity fromthe auxiliary materials (such as

current collectors and packaging). Its excellent wide temperature work range greatly
reduceghe dependence on thermal management modules, which is further improving

energy densitpn the pack level.

1.3.3SSEand its Catgories

There are many kinds @SE with totally different characteristicssenerally SSE
can be divided into oxides, sulfides and polymers. Among them, the oxide solid

electrolyte can also be subdivided into LISICON (Lithium superionic conductors)
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type, NASICON (Sodium superioniconductors) type, garnet type, et&ulfides can

also be divided into binary t$P.Ss, LGPS series, lithium argyrodite LéPSX

( X = ,0) etc® \Bhile polymer SSEcan be divided into polyethylene oxide
(PEO) base, polypropylene oxide (PPO) base, base, polymethyl methacrylate
(PMMA) base, polyacrylonitrile (PAN) base, etc. In addition, LiR@d$ed thirfilm

solid electrolyteshydride nitrideand halideSSEhavealso beerdeveloped rapidly in
recent years. In view of the large number of types, the following highligtew af

the mosttommorny usedtypes

1.3.4 Garnetype SSE

As demonstrated ifrigure 1-3, Garnet SSEwas first reported by Thangadurai
20037 Among which,garnet SSE with a nominal formulazLasZr012 (LLZO) 8
demonstrates a high ionic conductivity (1 mS/cm fordbped LLZO®) and wide
electrochemical windo®!° In addition, the high mechanical properties are expected

to block the lithium dendrite penetration.

In its crystal structurel.i™ will first occupy and fill tetrahedrons and be fixed, thus
contributinglessto the overall conductivityWhile the octahedralare not filled the
accordingly generatedacancieswill provide the main channel for Liconduction.
Since lithium ions need such directibrliffusion to adjacent vacancies to generate

ionic conductionand there is no Li vacancies in the tetragonal pha3éwus, he



tetragonal LLZO(t-LLZO) is thermodynamically more stable than the cubic LLZO

(c-LLZO), but theionic conductivity is orders of magnitude lower.

(2003) Thangadurai,
X, Garnet-type Li-ion
conductors

(1976) Goodenough,
NASICON
(1967) Kummer & Webber, B-Al,0;

(1978) Hong, LISICON

(1957) Masdupuy, lonic
conductivity in Liz;N

(1953) Brous, Rare earth
titanates perovskite structure

v
(1914) Tubandt & Lorenz, il @‘:‘ #
High Ag* conductivity of Agl T
(1888) Warburg & Tegetmeier, The first
measurement of transference number

(1900) Walther Nernst,
Nernst glower

(1884) Warburg, Na* conduction in glass

<,
e
(1838) Faraday, [ N .

Conductivity of PbF, ]

Figure 1-3 Historical development of solid electrolytes and schematic of their
structures.

Massive efforts had been made lmow to increase lithium vacanci&s obtain cubic
LLZO. Major methodsncludes:substitution of Li+ site withhigh-valence cationsn
Al®*, G&"; replacement oZr** sites withSkb**, Nb**, Tae*, Te**, WP, substituting
La®* site with Rb3* etc.'! Among witch, ionic conductivity as high ds62x10° S

cm'! at room temperaturghrough G&', Rb" co-doping can be achievett:!?
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Although garnetype SSEhave good performance, its hadd brittlecharacteristics
also lead to poor interface contacttiwithe electrodeand thusobstacles in the
procesBlg towards practical application !? The Tadoped LLZTO
(Li6.5La3Zr1.5Ta0.5012s selected as one of the model SSE in this dissertation for
its high ionic conductivity and stability against the lithium anaate] detail of the

synthesis process will be elaborat&€imapter2.1.1.

1.3.3Argyroditetype SSE

Argyrodite LisPSX (X=CI, Br, |) has aparent phase of S, and a cubic phase
(originally an orthorhombic phase at low temperatureap be obtained by
substituting part of $o X, resulting in 10 S cni? level of Li* conductivity* Figure

1-4 shows the structure and the lithition transportation modes of thesPSX.

b)

g - —

lntra-cage Doubleto

Jump

Jjump

O run © sas @ s o

© x ¢ () Li4g.48n)

Figure 1-4 Crystal structures of EPSX with X = CI, Br, I. (b)Doublet jump, intra
cage jumps and interage jump of Li in th&isPSX.



There are two major preparation method$or argyrodite LsPSX, liquid phase
method and solid phase synthesis metfdu liquid phase method is a good way to
synthesizeparticleswith controllable particle size and morphologyhich makes it
possible to tune the relevant properties of 8E In 2015, Yubuchi et df first
repored thesynthess of LisPSCI by dissoltion-reprecipitation methodith ethanol
as thesolvent However, the ionic conductivitgt room temperaturef 1.4x10° S cnt

is not veryideal Afterwards,Yubudi et al.l® utilized tetrahydrofuran (THF) and
absolute ethanol (EtOH) as dual solvenssulting in 102 S cm? level of Li*
conductivity However,significantly more impurities are alwaysfound in argyrodite
LisPSX made byliquid phasemethod mainly due to the inevitablereactions

between the &5 unit andthe solvent’

In the solid phase method, precursdigS, PSs and LiX are anneakéd under
protected inert atmospheadter mechanical millingRao et al. reported ttsynthesis

of LiePSCI usingthis solid routefor the first time and @ an ionic conductivityof

1.1 x103 Scm't at room temperater® The LisPSCl usingsolid route is selected as
one of the model SSE in this dissertation for its high ionic conductivity, feasibility

and epeatabilityof synthess, anddetail of the synthesis process will be elaborate in

Chapter2.1.3.
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1.4 The Challenges of ABolid-StateLithium MetalBatteries and Progress

1.4.1Lithium Metal Anodeand itsIinterface with SSE

As discussed inChapter 1.3 lithium metal is considered to bihe ideal anode
material for nextgeneration batteries for itkigh theoretical specific capacity
However, the interfacial contaof the inorganic solid electrolyte/metal lithium anode
interface is pooand the dendrite penetratidras become the biggest obstadtethe

application of metal lithium anode.

Anode-SSE Interface Engineering

v v <
Undesirable Interphase Interface Fluctuation & Delamination Mechanical Failure
Fa
:LI' & \ o K
1 * Li E
R . R
bl 1 pesin B S S A ¢ v i
R L pEes ‘f‘a’;.*s‘-«lh;;:‘,-f;i { -:‘ a PFTN "“&.,:,}{
! 1
I
Artificial SEls Buffer Layers 3D Anodes Design

Hybrid systems

- .

Figure 1-5 The overviewof main existing problems and strategies for the aine8&
interface!®
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On the one handhé poor wettability betweemorganic SSE and lithium metal
results in a large interfacial resistance. On the other hlihadnterfacial reaction at
the electrolyte/lithium metal interface leads to the formation of an interfacial layer,
which may hinders the migration of Liand leads toperformance degradeMost
importantly, lithium dendritesform in solid-state batteriesra penetrate the solid
electrolyte, causing internghort-circuit, leading to serious safety hazartiserefore,
exploring theinterface design ohorganic solid electrolyte/lithium met&wards 1)

good contact, 2) high stability, 3) dend+ftee,becane the most critical challenges.

1.4.2Sulfur-Based Cathodand itsInterfacesn Solid-State Batteries

The energy density of the current stafeart lithium-ion/metal batteries are restricted
by the taditional metal oxide cathodes (such as lOgd.iFerOs4 and LIMNOy, etc.)
which usually have a theoreticgpecific capacityf around100-200 mAh gt. Due to
the high theoretical specific capacity of sulfur element (162% g?), lithium-sulfur
batteries are considered to be the best choiceexirgeneration higlenergydensity

energy storage systems.

During the conversion between &d LeS, polysulfide would form asiiermediate
product These polysulfidesan dissolve in common liquid 1S electrolytes, which
will migrate from the cathodeotthe anode undethe concentration gradienand
further being reduced by lithium metdbrming the fishuttle effear’®, leasing to the

lossof active material and efficiency.
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Fortunately, eplacing organic liquid electrolyte to SSE can prevent thmdton of
polysulfide and eliminate the polysulfidshuttle effea . H o vhere arealso
other problems, such #seinsulating properties of S andz5 and the volume change
between theS and L#S. The former will lead to pooelectrochemical reactm
kinetics,resulting inthe low utilization rate of active materialsausing thencreag
of the polarizationnsidethe battery and redtion of the energy densityThe latter
with a volume expansion of about 80% after lithiatlowill cause the cathode
material to pulverize anpermanent loss of capacitgoththese two problemwill be
muchtougher challengein a solidstate batteryriginatingfrom the poor soliesolid
contact of the three main component inside a cathode fml-date battery: the
active material, the electnec conductor and the SSEherefore, the interface design
of the electronic additive/SSE/sulfur trigidhase boundaries become the most critical

challenge.

Improving the Li transfer through coating SS&n sulfur, or enhancing the- e
conduction using electronic conductive carbon as sulfur host can enhang® S/Li
redox reaction due to the improved trjplease contacts in these modified sulfur
composite cathode. However, the preparation procedures fa thedified sulfur
cathodes are timeonsuming. Besides, the low active sulfur content in the S@C
composite will decrease the ctdvel energy density because the large amount of
electronic conductive carbon host cannot provide capacity to the battergfdrbe
sulfur host that can provide extra capacity was introduced into the sulfur Among

these active sulfur hosts, FEe®@ith high electronic/ionic conductivity has been
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demonstrated to mediate the sulfur redox reaction in S3tHesides, the pyrite
cathode has high-costadvantage. Fe®ould reduce cathode material costs by 90%,
from $35 per kWh to $3 per kWh. Therefore, Fefll be usedas the model sulfur
host for this dissertation to studies the interface design of catledeolyte, which

will be elaborate irChapter 6

1.5 Motivation Objectivesand Dissertation Layout

1.5.1Motivation andObijectives

In order to achieve the goal of high energy density and $eédgty nexigeneration
SSLB battery, both deeper fundamental understanding and practical advance of the

electrodeelectrolyte interface design are urgently needed.

On the anode side, | choose garnet SSE as the model electrolyte for its stability
against lihium, which provides a lowoise background as iproduct free as
possible. In this way, the interface components will diplified, and related
interface properties can twearer And | will focus on the interface design toward

both better soliesolid contact and dendrite suppression.

On the cathode sidthe establishment of garnet cathode requiressrtering of the
cathode materialand the ceramic electrolygewhich can be time consuming for each
iteration.In consideration of thefficiency aml reproducibility, | choose sulfide as the

model electrolyte for the cathode study.
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1.5.2Dissertation Layout

Chapter 22 Common experimental methods used in following chapters, such as the

synthesis of the SSE will be summaries in hertmd repetition

Chapter 3: On the anode side interfack,will addressboth the challengef Li
dendrite and high interface resistarimedoping strontiun(Sr) into lithium anodes
thus form a lithiophilic/lithiophobic bifunctional layer The interlayerreduce the
interfacial resistance aralsosuppreses lithium dendrite This work is published in
ACS Energy Letter(He, X.; Ji, X.; Zhang, B.; Rodrigo, N. D.; Hou, S.; Gaskell, K.;
Deng, T.; Wan, H.; Liu, S.; Xu, J.; Nan, B.; Lucht, B. L.; Wang, C. Tuning Interface
Lithiophobicity for Lithium Metal SolidState BatteriesACS Energy LetteR021

https://doi.org/10.1021/acsenergylett.1c02) 22

Chapter 4: In this Chapter, | screened tibbs energy for the reaction between Li

and the metal oxideg (0 "0 P 0 & 00y ) and identified the LiYQ as a

highly thermodynamicastablecandidate for the interface between the electrolyte and
lithium. In addition, LiYQ has a record high interface energy against lithium of
81.65 meV/A which would provide igh dynamic stallity against dendrite
penetrationThis work is ready to submitHe, X.; Ji, X.; Wang, Z.; Wan, H.; Wang,

C. High Interface Energy Enabled Highly Stable Gabeted Lithium Metal Solid

State Batteries

Chapter 5: | will discuss myattempt to understand the void formation on the SSLB

anode interface. Thproduct ofthe lithium full stripping capacity and the applied
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current, whichwill be defined as the void suppression capabilfSC). The
relationship between the CCDlinterfagtebility and VSC will be discussed.
Enhancement of the VSC will be demonstrated by refining the giing a Mg-

1wt%La inoculantThis work is under review with Nature Material. { , H¥ . A X . A

Chen, C. A; Hou, S. Xu, Deng, T.;Lhea,l.gWand3 . ; Ru a

C. Void Suppressive Lithium Anodes for Aolid-State Batteries. (CBirst Author)

Chapter 6: On the cathode side, | will elaborate on the idea to constifoeS S@ Cul

composite to form a decent ‘l& pass way across theathode | LWPSCI SSE

interface upon first several cycl&he S/LpS redox kinetics will be enhanced for

better capacity utilizatiorat high cathode loading (4.0 mAh @nunder room
temperature). This work is ready to subnitan, H. A; HenNangXC. A; Ren,

Highly reversible sulfur cathode for ablid-state lithiumsulfur battery (CeFirst

Author))

16



Chapter 2 Material Synthesis Battery Fabrication and
Characterization Methods

2.1 Material Synthesi$lethods

2.1.1Synthesis of th&LZTO Solid Electrolyte
The LLZTO garnet electrolyte was synthesized via a conventionalstalie reaction
technique. LIOHH20 (99.995%,SigmaAldrich, 10 wt.% excess to compensate for
the loss of Li during higltemperature sintering), t@s(99.99%, Sigm&ldrich, pre
heated at 900 for 12299.5%, dlfa Aesanpancet@+t he wat e
(99.99%, SigmaAldrich) with stoichiomety ratio were used as precursors. The
mixture wasmechanicaball-milled (PM 100, Retsch) at 400 rpm for 24 h within a
zirconia ceramic vial together with anhydroupr@panol. ZrQ balls with a diameter
of 5 mm were used as the grinding medium. After-balling, the slurry was dried
and calcined at 900 € for 10 h in the &3 crucible. After the first calcining, the
powder was balinilled again with the same parameters as above. This step is done to
decrease the particle size further and increase tlgvigaof the powder. Then, the
obtained powder was sieved through 100 grits after drying. The obtained powder was
pressed intai 13 mm pellets, followed by isotactic pressing under 0.2 metric tons.
The pellets were then eusmiMgQ ceudibleicoveredi r at 1
with the same powder. The area of tigained LLZTO pellet is around 0.75 €and

thethicknesds around 1 mm.
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2.1.2 Assembly of the LLZTO Cells

For Li-Au | LLZTO | Li-Au symmetric cells, the gold was sputtered on the LLZTO

pdlets under 15 mA for 600 seconds (Cressington sputter coater 108). The residual

Au on the side surfaces is polished off with sandpaper. Lithium foil was brushed to

expose a fresh shining surface and punched into a round shape with a diameter of 3/8

inch. The Au sputtered LLZTO pellets were sandwiched by lithium foils followed by
heatt r eat ment at 175 for 12 hours to ensure
Then, the aprepared LHAu | LLZTO | Li-Au symmetric cell was cooled down to

room temperatureof testing.

The symmetric cells were assembled in 208k cells by sandwiching the spring,
stainless steel (SS) disc, and the arattieched pelletfThe thickness was controlled

around 102 0 0 e m fooliall@y anode lattached to SSE.

Intheil Pofo o f CGuwl-celdsetpetcammercially available NMC811 cathode
was provided by SAFT. The NMC811 with the loading of ~@.8.6 mAh/cn?was
selected as the cathode for the SSLBS. The LikreRaode was prepared by mixing
LiFePQ, conductive carbon and PVDF with a weight ratio of 80:10:10. A small

amount of liquid el ectrathodd l4ZTO interfaceL ) was u
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2.1.3Synthesiof theLisPSCI Solid Electrolyte

As shownin Figure 2-1, LisPSCI solid electrolyte was synthesized using high
energy mechanical milling. £$ (SigmaAldrich, 99.98%), PSs (SigmaAldrich,
99%) and LiCl (SigmaAldrich, 99%) were used as starting materials. These materials
were weighed in the molar ratio of Li2S/P2S5/LiClI = 5/1/2 in an afdiedl

glovebox,milled, andsinteled at 550 € for 5 hours under Ar.

Li:S , Milling Sintering Argyrodites
— o 4 o“¥‘ go—% °

. o (e 3 ?
P-Ss o ; ‘gE: 1 . ) wo%g‘wb ¥

- . s ‘e @ .j—» ORWQ ‘5%0

Figure 2-1 Schematic diagram of the synthesis process of Li argyrodite electrolytes
in this work?®

2.2 ElectrochemicaCharacterization Methods

The Li" ionic conductivity measurements of the electrolytes were carried out on an
electrochemical station (Gamery G1000) with sputtered Au as the electrode. The
measurements were performed over the frequency range from 1Hz to 1 MHz with an

AC voltage amplitudefdlO mV.
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2.3 MaterialCharacterization Methods

SEM was taken at the University of Maryland using Hitachi @®Uanalytical GEG
SEM (Japan) equipped with an EDS detector. The electron accelerating voltage is 200

KeV.

X-ray powder diffraction (XRD) waperformedon D8 Advance with LynxEye and

Sol X (Bruker, USA) wusing Cu KU radiation.

2.4 DensityFunctionalTheory (DFT)Calculation

The DFT calculatiorf$?® are performed by using Vienna Aitio Simulation

Package (VASP$ with Projector Augmented Wave (PAW) methiddAnd the
exchangecorrelation energy is described by the functional of Perderw, Burke, and
Ernzerhof (PBE) forf$2% including van der \als corrections (DFD3 method)®

The kinetic energy cutoff of electron wave functions is 520 eV. The Brillouin zone is
sampled by using t héThintekteenesy waPevaluateds c h e me
using the same method in previous wérk/isudization of the atomic structures is

made by using VESTAS
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Chapter 3 Tuning Interface Lithiophobicity for Lithium
Metal Solid-State Batteries

3.1 Introduction

Lithium-ion batteries (LIBs) have expanded their application from electronics to

eledric vehicles (EVs)** To ease the safety concedissnd t he f@Arange anxi
solid-state lithium battery (SSLB) becomes a more attractive choice. The replacement

of flammable and toxic liquid electrolyfwith solid-state electrolyte (SSE) makes it

a safer option. Moreover, the wide electrochemiwwaldow of SSE enableshe

utilization of highvoltage cathodes and -imetal anodes, which leads to a higher

output voltage and thus a higher energy density.

Among all the inorganic SSE, garnet SSE with a nominal formuibat4r2012
(LLZO) & demonstrate a high ionic conductivity (1 mS/cm for Baped LLZO®)

and wide electrochemical winddW®. In addition, the high mechanical properties are
expected to block the lithium dendrite penetratidnfortunately, shortircuiting is

still observed eventaa low current density and a low capacity. Meanwhile, solid
solid contact at Li | LLZO also induces a high interface resistance, which accelerates
theredudion of the SSE and the dendrite growth. Thus, interfacial engineering that is
aiming to minimize mterfacial impedances is critical for SSLBitroducing a
lithiophilic interlayer to wet Li metal is proved as an effective strategy to reduce the
interface resistance. Various materials such as’AMg 383° Ag 49, Ge*, Al 42, Si

43 Al20344, and ZnO*, have been utilized to form alloys or prelithated layers. In
21



addition, various surface coating technologies, such as sputt&rirapor deposition

42 metal salt aqueous solutid®) and atomic layer depositidi, are appliedo form

an interlayer between Li and garnet. Interfacial engineering has successfully reduced
interfacial resistance from thousands to sifjle g i t *“YThisextiemty small
interfacial resistancat Li | SSE already rivals the onesh conventional LIBs
employing liquid electrolyts. “® However these interlayers are electronic conductive,
which promotes the reduction of sgebtate electrolytes and Li dendrite growth. The
interfacial engineering seems to be stuck in a new bottleneck since kthiwagh

was obtained using new interfacrahterialsor coating methods. A strategy forming

a stable interlayer that keeps an ieoanducting nature and separates the lithium

plating position away from the SSE is needed.

For Li anode, one significant mtface resistance comes from the void formation
during Li stripping at a high current and capacity due to IdWdlffusivity and large
volume shrink. Since the voids cannot be completely healed in the following Li
plating process, the void will accumuldtéo a large hole, increasing the interface
resistancé®>° . If pressure is applied, the plastic deformation capability of the anode
also plays an essential role in void evolutih.The LP self-diffusivity can be
accelerated by the high lithiophilicity at the Li/SSE interf@@&lowever, the wisdom

of Li dendrite suppression in liquid electrolytes suggests that a lithiophobic SEI is
needed to achieve a high critical current density, wimclurn will increase the
interface resistance. To simultaneously reduce the interface resistance and also

suppress lithium dendrite, a bifunctional surface layer that forms lithiophilic-inner
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face bonding to Li and lithiophobic elayer bonding to SSEsidesired. To maintain

a low interface resistance during letegm lithium plating/stripping cycles, the
lithiophilic/lithiophobic bifunctional layer should be stable at SSE | anode interface
without diffusion into or reaction with neither Li nor SSE, ambuld not reduce the
diffusivity of Li® andor Li*. Although the alloy interface can provide an initial good
wettability, the electrorwonducting nature of the alloy interfacial layer will facilitate
the chargetransferreactionto take place right betwaehe interlayer and the SSE.

The deposition of lithium will push the alloy layer away instead of remaining located
at the SSE | anode interfat&>3>4 which may not be able to keep benefit floe

long-term operation condition.

The ideal bitinctional interlayer for lithium anode should (1) be stably enriched at Li

| SSE interface where lithiophilic part toward to the inside Li and lithiophobic part
toward to SSE; (2) not reduce the anodediffusivity on lithiophilic side and do not
reducethe SSE on lithiophobic side; (3) have a plastic deformation capability to
accommodate Li volume change. However, such a Li bifunctional layer has not been

explored yet.

Li2O has a high interfacial energyand high Li dendrite suppression abifityQ>?
which can function as a lithiophobic interlayer to suppress the lithium dendrite
growth and lithiophobicity should reflect each other from energy and macroscopic
angles, respectively®® However, the low ionic conductivity and high interface
resistace at Li| LizO also introduced considerable resistafften this work, we

demonstrated that 1% of strontium amd situ formed SrO could serve as a
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bifunctional interlayer where SrO dopecQi keeps the high lithiophobitature of

the LO but reduces resistance due to the formation of lithiophili€rLalloy. The
unique bifunctional property of $n-Li anodes can reduce the interface resistance
and also suppress the Li dendrite, which is distinct from other alloyratect
conductor layers. SrO also shows a robust ggrhiéit property as evidenced by the
high ionic conductivity of Sdoped garnet’°8 and the high wetting capability of-Sr
in-Li on garnet. Using T@oped LLZTO (LésLasZr1sTa.s012) as a model salistate
electrolyte ® , the interface resistance, critical current density (CCD) and cycle
stability of LLZTO were systematically investigated using bifunctionainSi
anodes The mechanism of bifunctional -&r at Li | LLZTO was revealed using
comprénensive characterization, electrochemical performance evaluation, and

simulation.

3.2 Experimental

3.1.1Synthesis of the LBr Alloy and theAssembly of théAnode

The anode was prepared by a molten lithium method in a fpoxelnitially, 1%,
5%, 10%, and 20% of mole ratio Sr metakk wasaddedinto moltenlithium metal
at 3i@ fstainlessst e el crucible. The crucibl e
30 minutes, followed by stirring to ensure a homogeneous reaction. The as
synthesized alloy was melted in a shallow stairtesse el cruci bl e at

plate inside the glovbox. The asynthesized LLZTO electrolyte pellet was cleaned

24
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by mechanical dmpolishing using 400 grit sandpaper and then polishing with 1500

grit sandpaper in an Afilled glove-box. The cleaned pellet was directly immersed in

the shallow crucible with the molten alloy in and the anode will be attached within

around 2 minutes. Afterooling down to room temperature, the residual metal on the

side surface will be polished off with sandpagerLi | LLZTO | Li symmetric cells,

lithium foil was brushed to expose a fresh shining surface and punched into a round

shape with a diameter of&inch. After being immersed in the molten lithium for 2

minutes, the LLZTO pellets were cooled down to room temperahdsandwiched

with two fresh |ithium foils. The sandwich
then cool down to room temperatdoe testing. The thickness was controlled around

1002 00em f or anSrallbyiattatheduonsSH.r L |

3.1.2 Material Characterizafi

XPS data were collected using theAlpha X-ray Photoelectron Spectrometer
System(Thermo Scientifi& , Al Ka radiaton, '8 = 1 4\8 & thé Wniversity of
Rhode Island. The sample preparation is the same as tHeINISf test. The sample

was directly moved from Ar atmosphere to the XPS chamber with a vacuum transfer
container to avoid exposure to the air. The instmiméas working undeultra-high
vacuum ( 1 10'2atm). The spot size, as well as the analysis area, wasmasy

400 mm. The depth profiling was conducted using ari itn gun with an iorenergy

of 200 eV. The angle between the ion gun beam and the surface normal wa3 0°

mm ion beam spot was quickly rastered over the targetedTdreatching procedure
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was carried out in a cycle of an accumulated 0, 300, 900, 3000 and 7200 seconds.
Spectra were recorded of the sample surface before sputtering and between sputtering
cycles.All data was calibrated based on thes@gak to 284.8 eV for binding energy
values. Peak fitting and relative atomic percentage estimation were done using
CasaXPS daftware (version 2.3.24), after removal of a Shirley background and

accounting for the relative sensitivity factors (R.S.F) of Thermilpha

ToRSIMS were analyzed on Gafocused ion beam (FIB)/scanning electron
microscope(Tescan GAIA3) equipped with FeSIMS at the NanoCenter of the
University of Maryland. The accelerated voltage for FIB/SEM was 20 kV. To prepare
the sample, the garnet pellet with anode reattached was cleaned with a scraper for
removing the anode as much as possible in thdilldd glove-box before
characterizations. The Sr (88), Zr (90), La (139), Li (7) were tested simultaneously in
the negative mode. The O (16) was tested in the positive mode. The results from
negative mode and positive mode were plotted together according to theotiépe

craters measured in the SEM results. The frames were conversed to depth according
to the depth of the craters measured in the SEM results. The surface of the sample

(anode sideis defined as the 0 depth.

3.3Li-Sr | LLZTOlnterface and the L8r Anode

Li-Sr alloys with 1%, 5%, 10%, and 20% of mole ratio Sr were synthesized by

mel ting Li and Sr at -SBdlldys were hdied asdSe16r e s pondi
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Li-Sr-5%, Li-Sr-10%, and LiSr-20%, respectively. As shown Figure 3-1 a, when
the polished LLZTO pellet was immersed into the molterSiLialloy, liquid LiSr
alloy quickly spread onto the LLZTO surface, indicating a high wettability eBrLi

alloy with LLZTO.

S D0%st

Figure 3-1 Assembling and characterization of&r | LLZTO interface. (a) Digital
photographs showing the process of attaching th&rlonto garnet LLZTO pellet.
Crosssection morphology @e) and Sr elmental mapping () of the Li-Sr-1%, Li-
Sr-5% Li-Sr-10% and LiSr-20% electrode interface with the LLZTO pellet. The red
dash lines mark the interfaces.

The morphology and element distribution of the cresstion of LiSr | LLZTO
interfaces were charamized by scanning electron microscopy (SEM). As shown in

Figure 3-1 b-i, all the LFSr | LLZTO interfacs, regardless of the anode composition,
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demonstrated seamlesgntact, confirming the high wettability of 49r alloy against
LLZTO. However, the microstructure of the-8r anodes varies for different ratios
Li-Sr. The LiSr-1% anode showed a monolith meliee smooth surface while
inhomogeneous blocks and grarsuleere found for L-iISr-5%, Li-Sr-10% and LiSr-
20% anodesThemorphological variation should be attributed to the diffepase
compositionof Li-Sr alloy. According to the energglispersive Xray spectroscopy
(EDS) mapping, for the low Sr containedogll(1%), Sr mainly segregates at the
interface between LLZTO and the Li anode. The segregation of Sr at the interface is
attributed to the high wettability of the -Sr alloy to LLZTO due to the strong
interaction of Sr with @tom at the interfacé®® As the Sr ratio in the LSr alloy
(Figure 3-1 f-h) increases, more &toms can be found inside the bulk Li anode
rather than segregating at the interface. Apgbretme higher ratio of Sr (% of Sr)

will simultaneously affect the interface contact and the bulk Li anode.

800 A I\ 4 A a % 2 2
700: Li-Sr phase digram

600-

Temperature °
- N w F N (4]
o o o o o
o o o o o
4 a ' a I 4

0 . v L A L v
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction Li

v

Figure 3-2 Phase Diagram of the 1Sr systemThe red dash lines mark the-&i-
1%, Li-Sr-5%, Li-Sr-10% and LiSr-10% composition from right to left.
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According to the phase diagram Hkigure 3-2, the equilibrium LiSr-1% alloy
consists of Li metal and small amount of L&Srs intermetallic compound. kiSrs

can react with trace oxygen in the gldwex forming a lithiophobic LiSr-O layer on

the Li surface and anchoring to the LLZTO (Figure 1f). With increasing of Sr, the
content of LéSrs phase quicklyincreases and &r23 will distribute into bulk Li,
forming an inhomogeneous composite microstructiiigufe 3-1 g-i). For Li-Sr-

20% anode, the main component 238 phase Figure 3-2), which has quite
different physical and chemical properties compared with Li metal. The
morphological and composition variation of the alloyteeted the electrochemical

performances when serving as anode for SSLBs.
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Figure 3-3 Characterization and calculation of the Li | Garnet interface.(a) The

SEM image of a crater sputtered by the"@m beam on the E8r1% | LLZTO
interface showing the crosectional surface with an EDS elemental line scanning of
the La L along scanninglue line. (b) ToFSIMS analysis of the E5r-1% | LLZTO
interface. (c) The XPS spectra of the $r&hd O & on the LiSr1% | LLZTO
interface with 3,000 seconds of "Alon gun etching to remove the residual anode
metal. The LiCOs signals are mainly fronthe environment. (d) The atomic
structures of the Li (1160i20 (111) interface, the kO (111} Garnet (100) interface,

the Li (110) | SrO (100) interface and the SrO (100) | Garnet (100) interface, with the
corresponding cal culRFT. ded Schematie dialgranc & the ner gy
bifunctional lithiophilic/lithiophobic interlayer.

The Sr element segregation at Li | LLZTO interface fe6EL% anode was further
characterized using depgrofiling time-of-flight secondarjion mass spectroscopy
(ToSIMS). As shown inFigure 3-3 a, after removing LBr1% anode from

LLZTO with a scraper, the LLZTO surface was sputtered uSidgon beam.The Li
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| LLZTO interface can be clearly noticed on the SEM of the cfatarked with a

white dash line), which ensures the sputtering depth was deep enough to reach the
interface as well as the SSE. The EDS elemental line scanning was conducted on the
line markel in blue Figure 3-3 a) and the distribution of the La element (red line in
Figure 3-3 a) agrees well with the SEM result. Accordingly, the -RIMS analysis

in Figure 3-3 b shows a clear rise in the distribution of Zr (90), La (139), Li (d a

O (16) ions that are indicating the ion beam sputtering had reached the LLZTO solid
electrolyte. Notably, the Sr (88) ion shows a peak right before the LLZTO phase,
which validated the segregation of Sr element on the Li | LLZTO interface. The Sr

ion erriched layer is around 250 nm thick, according to the-3t¥S analysis.

Sr 3d Zr 3d
0s 0s
~| 3005
300s 2
=
s HEZE
~ =
=
s 900 s
2 3,000
‘w -~
@ £
B N M‘ .
= n . : M
3,000 5 185 184 183 182 181 180 185 184 183 162 181 180
Binding Energy (eV)
Sr 3d Zr 3d
7200 5 Pos. Area At% Pos. Area At%
0s 133.75 886.00 0.04 - 0 0
300s 133.69 2808.29 0.09 - 0 0
900 s 133.58 4802.98 0.14 181.74 1687.90 0.04
138 136 134 132 3,000s 133.50 13474.51 0.40 181.42 10623.75 0.25
Binding Energy (eV) 7,200s 133.53 10393.59 0.36 181.57 148209.7 4.20

Figure 3-4 The XPS spectra and the quantification of the GarddZr 3d on the Lt
Sr-1% | LLZTO interfacewith Ar™ ion gun etching at 0, 300, 900, 3000 and 7200
seconds. The atom percentage was calculated based en@.il§ O 1Is, La 3, Ta

4f, Sr 3 and Zr 3d in the survey from O to 1200 eVrhe y-axis is the relative
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emission intensity (a.u.) that is kept in tlean® proportion for all SrdBspectraand
all Zr 3d spectra respectively.

X-ray photoelectron spectroscopy (XPS) was also conducted withioAr gun

etching to identify the valence of the Sr element in this layer. As sholigune 3-4
andFigure 3-5, Sr3lenri ched at the 3,000 secondsd c
than 16 times Zr@amount and a reduced St 8mount indicated the etching already

reached the LLZTO layer. Therefore, the Li | LLZTO interface is at the 3,000
seconds 6 danyg Zrididere were analyzed in detail. From the 8ispectra

(Figure 3-3 ¢), the peaks ford, and 3ds.2 of SrO®! located at 135.3 eV and 133.5

eV, respectively. The Osldemonstrated that SrO dopecQi exists on the Li |

LLZTO interface Figure 3-3 c). In addition to SrO, LiC®also exists, which may

come from atmospheric contamination.
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Figure 3-5 The relative peak arezf Sr 3 andZr 3d at 0, 300, 900, 3000 and 7200
secondsn the XPS.The Sr 8l (interface)andZr 3d(SSE) areset as 1 respectively.
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The quantification analysisFigure 3-6) shows that O : SrO composition is
rougHy 9:1. Li20 is lithiophobicwith high interfacial energy d3.75 J/n? and a high
Li dendrite suppression ability? However,the low Li-ion conductivity of LO also
induces a large overpotenttdlMetal oxide doping to LD cab be an effective
method to reduce the resistan& O is one of the very few metal oxides that is

relatively stable against Li with an equilibrium potential of 5.0 mV v<?L isimilar

to LLZO 1°.
O 1s
Organic C-0 Organic C-0 Metal Carbonates
J\\ Pos. Area At% Pos. Area At%
O0s 532.68 31616 5.43 531.51 207745.17 35.68
300 300s - - - 531.82 421832.63  40.84
Metal 900 s - - - 531.89 455482.38 34.27
Oxides 3,000 s - - - 531.94 520000.61 30.62
7,200 s - - - 531.82 122662.56 6.60
3 [ 9005
8
.‘? Metal
% Oxides LLZTO Metal Oxides
€ Pos. Area At% Pos. Area At%
3,000 s O0s - - -
Metal 300s - - - 528.66 33908.53 3.28
LLZTO Oxides 900 s - . . 528.73  74052.09  5.57
3,000s 530 29386 1.73 528.61 72747.84 4.28
7,200s 530 339915 18.29 528.66 18442.04 0.99
7,200 s
LLZTO
Metal

534 532 530 528 526
Binding Eneray (eV)

Figure 3-6 The XPS spectra and tlggiantification of the O 4.on the LiSr-1% |
LLZTO interface with AF ion gun etching at 0, 300, 900, 3000 and 7200 seconds.
The atom percentage was calculated based o, € 1s, O 1s, La 3, Ta 4f, Sr 3

and Zr 3d in the survey from 0 to 1200 eV. Theaxis is the relative emission
intensity (a.u.) that is kept in the same proportion for all spectra.
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In addition, hethermodynamicalculations were done using HS0Gftware®® (Table

3-1) and the positive Gibbs energy for the reaction between Li and SrO alsotkerify
relative stability of SrO against LT herefore, SrO doped 10 is stable with Li. In
addition, SrO doped kO also enhances theettability with significantly reduced
interface resistance (discussed in the following section) by reducing the interface
energy between kO and LLZTO, as demonstrated the density functional theory
(DFT) calculation.Figure 3-3 d demonstrated that 40 is garnetphobicdue to the

high interfacial energy of 1.0Bn? with garnet Since the LiO layer on the molten Li
surface is unavoidable even in the gkdnax, the molten Li with 14O surface cannot
wetthe LLZTO. Since SrO has low interface energy with gare82 J/n¥) and low
interfacial energy against LD(26 J/n), SrO doped 20 functionsas an anchor to
bond both the Li anode and the LLZTO, which significantly reduce the interface
resistance. In addition, the lithiophobic SrO dopedOLiwith low electronic
conductivity can also suppress the reduction of LLZTO and Li dendrite growth
(Figure 3-3 e).

Table 3-1 The theoretical equilibrium potential and the Gibbs energy for the reaction
between binary metal ales and lithium metal(*The Gibbs energy for the reaction

between Li and the metal oxides ¢ ™ U0 P 0 & 00'Q; ) are calculated using
HSG-softwaré? )

JEE
Theoretical

S Pt
Ik equilibrium _

: Gibbsenergy* at
potential (mV)

25  (kcal)
AbO; 180 -24.179
ZnO 1252 -57.546
SiQ 694 -63.540
SrO 5 0.106
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3.4 ElectrochemicaBehavior of LiSr | LLZTO | LiSr SymmetricCells

The Li plating/stripping behavior of the-Sr alloy anodes with different 13r ratios

was evaluated at room temperature using symmetric cells. The interfacial resistance
before cycling was firstly measured using electrochemical impedance spectra (EIS).
EIS plots Figure 3-7 a) of Li-Sr | LLZTO | LiSr cells demonstrated that-5r-1%

anode has the lowest impedance, and the total impedance of symmetric cells increase
with Sr content in Li. The first semicircle (~1 kHz) of EIS plots is attributed to the
total resistance of the LLZTO pellets (bulk and grain boundary), which is about 130
135 ¢ due mo the difference of LLZTO pellets, which is consistent with
conductivty measurement of LLZTOF{gure 3-8) and reported result&’. The
interfacial resistances (1kHz to 0.1Hz) increase with Sr content but they are still much
smaller than that of Li | LLZTO | Li celldigure 3-9). The resistance from 1kHz to

0.01 Hz vastly increases with the increase of Sr content in the anode as 43, 40,
and 57 2 fqr LieSrl%, Li-Sr-5%, Li-S10%, and LiS-20% anodes,
respectively Figure 3-7 d), indicating that excess4sbrs in bulk Li can reduce the Li

atam diffusion.
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Figure 3-7 Electrochemical performance LiSr | LLZTO | Li -Sr symmetric cells.

(a) Impedance spectra of the symmetric cells tested at room temperature from 1 MHz
to 0.01 Hz. (From top panel to bottom panel areSi1%, Li-Sr-5%, Li-Sr-10% and
Li-Sr-20%.) (b) The Li plating/stripping behavior for these cells at a-isi@pase
current for 0.5 h, with (c) a magnified figure for the first 5 cycles.Tdg critical
current densities and resistances verse the Sr mole ratio in the é&odée Li
plating/stripping behavior for the cell at a siaprease current for 1.0 h.

The CCD wa evaluated using t$r | LLZTO | LiSr cells by a stencrease current

for a fixed 0.5 h of Li plating and 0.5 h of Li stripping. As showikrigure 3-7 b, the

CCD for Li-Sr1% cell is 1.3 mA/crh at 0.65 mAh crf, which is an order of
magnitude higher than the CCD for Li | LLZTO|Eigure 3-9) and is highest among

all reported alloybased anode | LLZTG? Therefore, SrO doped 4@ bifunctional

layer has a high Li dendrite suppression capability. Nevertheless, the CCD for the
cdls with Li-Sr-5%, Li-Sr-10%, and LiSr-20% anodes are only 0.40, 0.30 and 0.25
mA/cm?, which are in line with resistance increase with Sr content in the EIS

measurementigure 3-7 d).
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Figure3-8a) The EI'S result of the Au | LLZTO
plot for the Au | LLZTO | Awcell at temperatuef r om 2 5 to 80 . The

are the average of the test result of elevated temperature and decreasing temperature.

Detail analysis of Li plating/stripping curves of all-& anodes shows that a rapid
increase in the slope of the voltage profilethatlatest stripping state right before the
short circuit. The rapid increase of voltage can be induced by void formation. The
void formation reduced the contact area af LLZTO, which increases the local
current density, thus reducing the CCD. Fornegke, for LiSr-1% anode, the
transformation from the flat voltage plateau to drastic polarization did not happen
until a current density of1 mA/cn?, while for the other threeonditionsthe apparent
potential boost occurred at a much lower current bi@A/cn? since LbsSts in bulk

Li may reduce the Latomdiffusion (Figure 3-7 c¢). When the Li plating/stripping
time was extended from 1.0 h to 2.0 h, CCD ofSki| LLZTO | Li-Sr cell was
decreasedrom 1.3 mA cn (Figure 3-7 b) to 0.6 mA/cm Figure 3-7 e), while the
capacity at 1.0 h of plating and stripping time before tstiocuit is similar to tle

capacity of 0.65 mAh/cAmeasured at a short time of 0.Ffigure 3-7 b), indicating
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that the amount of the transported Li species coetitdhe void formation and also Li

dendrite growth for the E8r-1% anode.
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Figure 3-9 (a) Digital photographs showing attaching the Li onto garnet LLZTO
pellet. (b)The Li plating/stripping behavior of tha | LLZTO | Li symmetric cell at a
stepincrease current for 0.5 h eachfh@fcle at room temperature. (c) Impedance
spectra of théi | LLZTO | Li symmetric cell tested at room temperature from 1 MHz
to 0.01 Hz. (d)Cycling performance of Lj LLZTO | Li symmetric cell at 0.1
mA/cn?.

The cycling stability ofLi-Sr | LLZTO | LiSr symmetric cells under a constant
current of 0.2 mA/crhand capacity of 0.1 mAh/cinwere also investigatedAs
exhibited in Figure 3-10 a, the Li-Sr-1% | LLZTO | LiSr-1% symmetric cell
demonstrated an excellent stability for 1,000 cycles with a neat and flat potential
profile. In contrast, an intense polarization occurshia Li-Sr-5% and LiSr-10%

cells and follows with a shedircuit within the first five cyclesEven when current

density increases to 0.5 mA/@nthe LiSr1% | LLZTO | LiS-1% symmetric cell
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still shows super cycling stability without any intense polion for 1,000 cycles
(Figure 3-10 c), which is one of the best amongported planar garnet type selid

state electrolytes/ork at room temperatur@able 3-2).
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Figure 3-10 Cycling stability of Li-Sr | LLZTO | Li -Sr symmetric cells.(a) Long-
term cycling performance at 0.A/cn? with different LiSr anode (b) Rate
performance of L-iS-1% | LLZTO | LiSr-1% symmetric cell fron®.1 mA/cnt to 0.5
mA/c?. (c) longterm cycling performance of 1$r1% | LLZTO | LiSr1%
symmetric cell at 0.5 mA/cminset is the magnificationfdhe voltage profiles of-1
10 cycles and 950000 cycles.
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Table 3-2 Reported (201-2021) cycling current, capacity and time for planar garnet

typesolidst at e el ectrol ytes adt(Rankmgpimdescendinger at ur e
order of cycling capacity)

Cycling Cycling Cycling
Composition Methods Current Capacity Time Ref.

(mARc ( mAhAc (hour)

LissLasZrisTan 012 Sr bilf;;::ional 0.5 0.25 1,000 This work
LigslasZriasTansOr,  Ultrafast sintering 05 0.25 160 Acs Energy Lett. 6,
w/ LisN Filler 3753 3760 (2021).
_ Acs Appl Energy
Lis26Alo2dasZr2012 | jizn alloy anode 0.35 0.175 2,200 Mater. 3, 90109017
(2020).
Lis.oAlo2lasZri 78Wo.25 Acs E L
ite | 0.3 0.15 1,000 cs Energy Lett. 3,
O Graphite interface 12121218 (2018).
Lis sl asZr £Tao.50 . . 03 0.15 250 Advanced Materials.
persnsiRoez - Li-C composite 31, 1807243 (2019).
Lies LasZr1s Tas O . 0.2 0.1 650 J. of Power Sources.
&4 14 12 SnQ coating 420, 1521 (2019).
Lie 28 8Z1»Al 0 201 01 0.1 600 J Mater Chem A. 9,
. PVDF-PEO 4018 4025 (2021).
_ ACS Appl. Energy
Lis.eLasZrieTa.4012 Acid Etching 0.2 0.1 200 Mater. 2, 6720
6731(2019).
Lieel 8sZr1 £Ta0.O1a ) 05 0.1 52 Rare Metals. 37, 473
Nb coating 479 (2018).
LicsLasBaosZINDOr:  |onic liquid 0.2/0.3 0050075 92/30  Small 16, 2000279
(2020).
Energy &
Lis sl asZr £T a0 . 0.1 0.05 1,000 Environmental
6 5 12 CuN coating Science. 13, 1, 12134
(2020).
LigslasZrisTaps012 LisN coating 0.1 0.05 210 Nano Lett. 18, 11,

7414 7418 (2018)

LisLay 75Ce.25Zr1.75 JP S 419
. 0.1 0.05 100 ower sources.
Nbo 25012 Ag coating 91i 98 (2019).

LigslasZri asTaosO,  Fapid sinterir_1g w/ 0.2 0.033 300 Mater Today. 42, 41
Al,O; coating 48 (2021).
Au coating w/
Li6_296\|0,24]_832r2012 thermaliqy 0.03 0.0125 70 J Power Sources. 396
. 764 773 (2018).
evaporated Li
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Therateperformance of the E6r-1% | LLZTO | LiSr-1% symmetric cell was tested
at a stegncrease current of 0.1, 0.2, 0.3, 0.4, 0.5 m&/dar 10 cycles at each
current density and then move back to 0.4 mA/dfigure 3-10 b). The Li
plating/stripping curve at 0.4 mA/c¢nbefore and after increasing the current is
identical, demonstrating a stable-&i | LLZTO interface during cycling at different

currents.

3.5 TheMechanism for théntensePolarization of LiSr | LLZTO | LiSr Cells

As shown inFigure 3-7 ¢ andFigure 3-104a, in the first few cycle a flat and similar
potential profile was found for all cells. However, the polarization quickly increases
for Li-Sr anodes with Sr c ont eithear anGrereé@se oh s d e mo
current density or constant current cyclinghe interpretation of this strong
polarization(Figure 3-11) is crucial for the understanding ofettfiailure mechanism.

As the current density increases in a linear step in the CCD test, the ionic
transportation inside SSEs should also render linear overpotential according to the
NernstPlanck equation, which is not the case for the intense polarizafios
increase in Li plating/stripping overpotential at the latest Li plating/stripping stage
can potentially be attributed to (1) phase transformation gtULZTO interface
between LisSrs and LeSrs with different lithiation/delithiation potentiaF{gure 3-2)
because the biSrs phase may change to2Bis in Li stripping process, (2) void

formation due to reduced latom diffusion by LksSr phase in bulk Li, and (3)
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formationof cracks in the bulk L5r anodes due to the large volume changes during

Li plating/stripping.

O
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Figure 3-11 The enlarged image foFigure 3-7 b. The Li plating/stripping behavior
for these cells at a stepcrease current for 0.5h.

The boosting overpotential can be a sign of overcoming a high energy barrier. We
first calculated the equilibrium potentials of2sSrs and LeSrs using DFT since the
Li23Srs phase will convert into LBrs during Li stripping. The equilibriunpotentials
of Li2Srs and LbsSrs are 27.8 mV and 25.7 mV, respectivelygure 3-12a). The 2.0
mV potential difference cannot cause a significant potential inciedatbe latest Li

stripping state right before sharircuit.

The void formation at LJLLZTO interface may be responsible for the polarization at
the latest Li stripping stagehere the Li vacancy diffusion inside the alloy electrode
cannot keep the paasf the current increasing®®° The void evolution is closely
related to the Latomdiffusivity in the bulk Li, lithiophilic/lithiophobic property at

Li-Sr | SrO doped kO | LLZTO interface. A high CCD of 1.3 mA/étor Li-Sr-1%
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anode at a high capacity of 0.65 mAhfdmattributed to the bifunctional SrO doped
Li2O interlayer that bonds Li to $® and also reduces the interface energy at
Li2O/LLZTO, decreasing the interface resistance and also suppressing Li dendrite
growth. Wit the increasing of Sr content in-&r anodes, a large amount ogdSrs

phase is distributed inside Li, reducing the Li diffusivity, thus forming voids at the

early stage of Li stripping thus a low CCD.
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Figure 3-12 Electrochemical and mechanical stability of3n anodes and Li/LLZTO
interface stability. (a) DFT calculation for the equilibrium potentials eSt alloys.

(b) Digital pictures of LiSr alloys with significantly differen ductility and

malleability after press. (€) Morphologies and Sr elemental mapping of3ri| SSE
interface after 2 cycles with a current density of 0.2 mA&/amd capacity of 0.1
mAh/cn?.

The cracks formed inside the-Br bulk due to the poor mecheal property of
Li23Srs phase may also contribute to the low CCD. The britt}eSi phase in LiSr
anodes will crack during the significant volume change in Li plating/stripping, which

also blocks the Latomdiffusion to interface and reduce the comtarea®®°! The
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deformation capability of LBr anodes with differentr®ontent was evaluated using
a facile pressing test. As shown kigure 3-12 b, the flow and elastic behavior
exhibit noteworthy differences by pressing the Li metal ball, as well as{8edlioy
balls under 2 MPa. The imetal and the L-Br-1% alloy demonstrate wetluctility
and form thin foils with a smooth surface and metallic luster. While th&r-BPo,

10% and 20% alloys render wrinkles, cracks gaps, and even fracture.

Figure 3-13 Digital pictures of Lithium aade with significantly different ductility

and malleability. (a) The electrodes before pressing. (b) The electrodes after pressing.
(c) The magnification of the 10% Sr in Li, (d) the fracture of 20% Sr in Li, and (e) the
shattered small pieces of the 20%4rSLi.

As shown inError! Reference source not founthe pressed E5r-20% has a sharp
fracture, and part of it even shattered into small pieces. Although a precise or
guantitative stug on the deformation property is in absence, the contract is distinct.

A significantly worse ductility and malleability can be anticipated with the increase of
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the Sr ratio in the LBr alloy, which would introduce more detrimental cracks during
cycling. The postmortem SEM was taken after the cycling test to analyze the
morphology and element distributi@volutionof the crosssection of LiSr | LLZTO
interfaces. As shown ifRigure 3-12 c-f, after Li plating/stripping cycles, Sr is still
enriched at Li LLZTO interface without being pushed away due to the high stability
of the SrO anchor, which is totally different from thoslectrorconducting alloy
coating. Howevergaps can be clearly seen between the LLZTO and anode for-the Li
Sr 10% and 20% cells, as evidence of void formation and contact loss. Cracks and

holes also appeared in the &r anode bulk with Sr >5%.

(a) (c)“.5 (e) 45
/- Positive case >
e NMCB811 Cathode > 4.0 = > 4.0 =
@ > =S 2
3 TS 8 S
~ 8 35 Istoycle04C s 3.5 040 R\
N | aned o ——2nd cycle \ ° —o2c \
S Anods > 3.0 3rd cycle \ > 30 03¢C \
‘ Negative case 5th cycle A 04cC |
25 10 cycle 25 05C
) 50 100 150 200 0 50 100 150 200
Capacity (mAh/g) Capacity (mAh/g)
(b) (d) $D)
500
. © 0.1Hz - Charge - 400 Charge
E 400 o otm| 24001 . Discharge | 2 + , Discharge
o < < 300
£ 300 o £ 300 £
£ = 0.1C - 0.1C
L 200 & 22004 0.2¢ 2200180500 02C g5 L,
= § & P %S 05 0 1.cm
E 100 ! MHz 2 o Before Cycle % 100 % 100 “6'?
N Liij After 100 Cycle o cathode loading: 0.8 mAh /cm? o cathode loading: 0.8 mAh /cm?
! 0 0 0
0 100 200 300 400 500 0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40
Zreal (ohm cm?) Cycle Number Cycle Number

Figure 3-14 Electrochemical performance of LiSr-1% | LLZTO | NMC811 cells.

a) Schematic diagramf a Li-Sr | LLZTO | NMC811 cells. b) Impedance spectra of
the cell tested at room temperature before (black cienhel) after 100 cycles (red
circle). ¢, d) The cycle performance for the cell at 0.2 C with cathode loading of 0.8
mAh /cn? (0.1 C for the first cycle for activation). e, f) The rate performance for the
cell at stepped Cate.
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3.6 ElectrochemicaBehavior of theProof-of-Concept LiSr | LLZTO |

LiNio.seMno.1C00.102 (NMC811)Cells

Since Li-Sr-1% anode shows the high CCD, high cycling stability with LLZTO
electrolyte, it was selected for additional cell evaluationSiki% | LLZTO |
LiNio.sMno.1C.102 (NMC811) cells were assembled as the schematic diagram
demonstrated irFigure 3-14 a, with liquid electrolyte wetted cathode interface
(Table 3-3) to eliminatethe cathode side contact influence. The cell provides 192
mAh/g at 0.2C from 2.7 V to 4.3 V Figure 3-14 c) with a capacity retention &2%
after 100 cyclesKigure 3-14 d). The EIS plots Eigure 3-14 b) before and after 100
cycles indicate a small resistance reduction without shiaiting. The initial
Coulombic efficiency of 91.68% at 0.1C and ageraCoulombic efficiency of
99.82% for the rest cycles at 0.2C were displayed. The cell delivered discharge
capacities of 192.1, 174.4, 153.0, 132.2 and 107.0 mAb@1, 0.2, 0.3, 0.4 and
0.5C fFigure 3-14 e). The capacity quickly recovered to 175.2 mAh/g when the

current was set back to 0.1Eigure 3-14f).
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Figure 3-15 Electrochemical performance of-Br-1% | LLZTO | LiFePQ@cells.The
loadingof the cathode is 0.1 mAh ¢ftn
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Long cycling of 500 cycles for Ebr | LLZTO | LiFePQ@ cell is also presented in
Figure 3-15. These resultgwdicate LiSr-1% as a stable anodEigure S10Q against
LLZTO during cycling. However, further optimizations of ligeicee cathode
interfaceengineering are still needed to realize practical applications-sbkdistate

lithium metal batteries (ASSLB).
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Figure 3-16 a) The cycle performance for the same cell-REil% | LLZTO |
NMCB811) inFigure 3-14 d showing the condition before cell test termination at the
230" cycle. b, c) Morphologies of L$r | SSE interface after 230 cycles.

3.7 Conclusion

Solid-state Li metal batteries face two critical challenges of Li dendrite growth and
high interface resistance. To suppress Li dendrite growth, interface should be
lithiophobic (dendrphobic), while low interface resistance requires a lithiophilic
(wetting) interfaceThe dilemma between interface wetting and denegptiebic was
solved with a unigue combination of strontium aindsitu formed SrO, which
facilitate a bifunctional lithiophilic/lithiophobic interlayer combining low interface

resistance andiglh dendrite suppression capability.
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Table 3-3 Reported cathode loading and wetting method, cycling rate and time for
the proveof-concept cells in planar garnet type sedidte electrolytes. (Operating at

room temperature/ 25 without further notic
Cathode
. Anode and . Cycling rate
Composition Methods Loading Wetting Method and Cycles Ref.
(per cnm?)
Sr '\(l)'\gCSirl{ 0.2C, 100
. 8m -
LIB‘SI;aS(s)ZZLSTa bifunctional IquIc(l ellegtrolys/teL This work
SVY1
layer LFP, 0.1 1C, 500
mAh
Lis oAl asZr Graphite NCM523, slurry w/ ionic 0.5C, 500 Acs Energy Lett. 3,
1.73Wo0.25012 interface 0.9 mg liquid 12121218 (2018).
. . PVDF-HFP film Advanced
L|6.5La582r1.sTa corl;:-gsite LFP, -- w/ 10 \L liquid ~ 0.5C,100 Materials. 31,
0-5-12 P electrolyte 1807243 (2019).
LissLazsBaos lonic liquid ionic i 0.05mAcm Small. 16, 2000279
ZrNbOy q LFP, 2.5mg 2 45 (2020).
Energy &
LigsLasZrisTa CwN slurry w/ ionic 0.2C. 300 Environmental
05012 coating LCO, 2mg liquid e Science. 13, 1, 127
134 (2020).
LisslasZrisTa LisN coating LFP (40 ©), slurry w/ PEO and 0.1 mA cn, Nano Lett. 18, 11,
05012 2mg acetonitrile 200 74147418 (2018)
LizLaz.7Can.25 .
Znn | Ageoatng  LCO.  sWywhone g ,c gop 2 Power Souces
Nbo. 25012 0.45mg ' '
Au coating
: P J Power Sources.
Lis26Alo2das  w/ thermally LCO. liquid electrolyte 0.05C, 70 396, 764773
Zr;012 evaporated , (10 €L
Li (2018).
L|7L;2r,75Ca)_25 Al,O3 a tiny amount of 010G Nat Mater. 16, 572
175 coating LFMO, - iquid electrolyte ' 579 (2016).
Nbo 255012

SrO is stable with Li and facilitates the contact between anode and LLZTO by
reducing the interface energy betweesO_and LLZTO. It serves as an anchor which

let the Li to be deposited between the interfacial layer and the anode that (1) suppress
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the lithium nucleation and dendrite propagation on SSE; (2) keep the interfacial layer
stable on the anode | SSE interface instead of being pushed away; (3) reduce the
resistance of the kO lithiophobic layer but kept its lithiophobic nature; (4) having

high affinity to garnet. An optimized El% Sr alloy anode | LLZTO can
synergistically achieve a low interface resistance and high Li dendrite suppression
capability, as evidenced by a high CCD of 1.3 mA/amn0.65 mAh/crhand a stable

cycle of 1,000 cycles (1,000 hunder 0.5 mA/crhat room temperaturélhis work

provides a new strategndsheds light on enhancing the performanc89IBs.
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Chapter 4 High Interface Energy Enabled Highly Stable
Garnet-basedLithium M etal Solid-State Batteries

4.1 Introduction

Solid-state lithium metal battery (SSLB) eé®nsideredas one of the most promising
next generation batteries to power the growing numbers of electric vehicles, owing to
its high energy density and high safety origin from litteum metal anode (LMA)

and solid-state electrolyte (SSE) respectively. Among various SSEs, gapetLi

ion conductor LiLasZr2012 (LLZO) and it variants, are been extensively developed
for their high ionic conductivity (8x 104 S cmi! with Nb doping at room
temperature), low etgronic conductivity (~ 18 S cm! at room temperature), wide
electrochemical window, and high shear modulus over 100 GPa that was believed

able to block the dendrite growtiheoretically

The most intuitive difference between SSE and its previous geme@unterpart
liquid electrolyte is the lack of flowing medium that adapts the shape changes and
keeps a continuous conducting channel. Thus, the priority issue to be fixed for SSLB
is to facilitated the solidolid contact between the scldectrolyteand the electrode.
What makes the matter worse for the LMA is its nature of one monolithic piece
instead of particles. This means a 3D contact by mixing SSE particles with active
material particles in the electrodes like most cathodes and silicon anode eall

no longer be a solution for lithium metal. Instead, the @etaetween the plane SSE
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and plane LMA is in a 2D geometry that is more vulnerable once voids or cracks
froms and lead directly to tHessof contact.Tremendousfforts had been made

the past decade facilitate and maintain the solidolid contact between the SSE and
the LMA aiming at diminish or evesliminatingthe interfacial impedance. Addeah
externalpressure works butip to hundredsMPa pressure is not practical for the
application of SSLMB in real lifescenariossuch as electric vehicledlaking the
metal electrodes flowable such as-Klalloy and liquid lithium solution also tackles

the problem intrinsically, but the choices are extremelylimited® for room
temperaturdlowable electrodes. In particular, even for the garnet SSE with a nature
of rigidity of ceramic and nowettability with lithium, the interfacial impedance can

be reduced from thousands to sindlé g i t?witly prapen interface engineering.

Recent studies have demonstrated that the interface impedance can be almost
eliminated in SSLB. However, the dendrigeippressioncapability and cycling
stability are still far from the requirement of theacticalappications. This reminds

us the Ainterface I mpedanced may not be
of the interface towards dendrite suppression insteadotdly low impedance
demands a more clear determination. Here, we screeningttréace candidates

aiming at properties directly contributes to the dendsiippressionl) the Gibbs

energy for the reaction between Li and the candidate (for metal oxidesQ

D0 P O €& 00 ) should be as positive as possible; 2) the interface gnerg
against lithium should be as high as possible. The formearanteeda

thermodynamicstable interface that keeps the designed metal oxides interlayer
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instead ofbeing reduced by lithium upon cycling. The latter established a large
energy barrier for littum dendrite tgiercethrough against the dynamic energy input

from overpotential and volume changing during the lithium striping and plating.

In this study, we presentlaYO:2as a highly thermodynamical stable candidate for
the interface between SSE andVIA based on thecritical properties of
aforementionedGibbs energy and interface energy. Li |edlasZrisTan.s012
(LLZTO) interface with LiYQ as the interlayer was successfudistablishedwhich
endows thesymmetriccells a high critical current deig of 1.15 mA cm?, a critical
capacity of 4.2 mAh criiat 0.1 mA cn? and a long cycle life of 600 cycles under 0.5
mA cm?0.25 mAh cn?. This work represents a significant advancement in
designing the interface for SSE | LMA by providing critical parameters of the

interface, which would advance the desigmigh performance SSLBs.

4.2 Experimental

The LY alloy anode was prepared by a molten lithium method in a dloxe

Initially, lithium foil (Alfa) and Y power (Sigma 99.5%) was mixed in a shallow

stainlesss t e e | cruci bl e under7l 3bandl:l. Whetmblterwe i g ht
alloy will be stirred for more than 10 minutes to ensure a homogeneous reaction. The
assynthesized LLZTO electrolyte pellet was cleaned by mechanicagbalishing

using 400 grits, 1500 grits and 3000 grits sandpapers consequently. The polished

LLZTO pellet was directly imnrsed in the crucible with the molten alloy and the
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anode will be attached on the LLZTO pellet within around 10 seconds. After cooling
down to room temperature, the residual metal attached on the side surface of LLZTO

pellet will be polished off with sandpar.

XPS was conducted on a high sensitivity Kratos Axis 168y photoelectron
spectrometer with Al KU radiation. Al |
Cls peak to 284.8 eThe surface of the sample (anode side) after sc@eaning is
defined as the 0 deptihe sample was directly moved from Ar atmosphere to the
XPS chamber with a vacuum transfer container to avoid exposure to the air. Peak

fitting and relative atomic percentage estimation were done using CasaXPS software.

4.3 Design of heInterlayer TowardsDendrite Suppression

Li-M alloy (M = metal elementstan effectively increasthe wettability with the
garnet SSEHowever,the formedelectronicallyconductinginterfacecauses directly
contact between the and the SSE and let the lithium plating happen right on top of
the SSE. This have two potential hazes: 1) the desigtediacewould be push away
from the surface by the newly plated lithium and ititerfacewill be invalid upon
cycling; 2) theaccumuétedelectronnear the SSE can form a negatelectricfield

and force the Liexpulse out of the bulk SSE to fodithium metal dendrité€® Thus,

as mentioned earlier we aims aminterfaceof metal oxide § U ) that contract a ion

or ion/electron nix interface
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To stay spatially stable against bemgshedoackwards is not enough for a successful
IL. Thermodynamicallystability of 0 0 against being reduced by lithium metal to

0 is another key to keep theterface layerstable uporcycling. According to the
theoretical equilibrium potential for the reaction between binary metal oxides and
lithium metal (calculated from the Gibbs energy for the reaction between Li and the
metal oxides € 0 'MW 0O P O & 0% )), and Gibbs free energjor the
formation (S"lﬂ) of the metal oxidesT@ble 4-1), the relatively stability against Li can

be preliminarily estimatedY20s is one of the veryew metal oxides that is stable
against Li with a negative equilibrium potential, whiokpiresus to dopeY into the

lithium metal to form a thermodynamically stable interlayer.

Table 4-1 The theoretical guilibrium potential for the reaction between binary metal

oxides and lithium metal, and Gibbs free energy of formadorg) 2

Theoretical Theoretical

Ik Ygm (kd/mol)  equilibrium Ik Ygn (kd/mol)  equilibrium

potential (V) potential (V)
V>0 -1419 1.441 SiQ -856 0.694
MnG;, -465 1.708 SnQ -520 1.582
FeOs -742 1.631 SrO -561 0.005
CoO -214 1.802 Y205 -1817 -0.226
NiO -212 1.954 ALGs -1582 0.180
CuO -128 2.248 Zn0O -320 1.252
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4.4 Construction andCharacterization of the Y dopéudterlayer
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Figure 4-1 Characterization of the symmetric Li-Y|LLZTOILi -Y cells. (a) Li-Y
Phase diagram. The red stars indicate the ratio -0f alloy studied T:1, 3:1, and
1:1); (b) Digital pictures for the LY|LLZTOILi-Y symmetric cells assembling
process; (c, d) crossectional SEM image of the M|LLZTO interface. (eh) EDS
mapping of the LY |LLZTO interface.

Li-Y alloy with three different composition3:{, 3:1, andl:1, marked in Figure 1a)

was synthesized and attached onto garnet LLZTO pellets using a molten Li method at
350 . As de moHigsre 4-1abt aéied immensing the LLZTO pellets into the
molten Li alloy anode, the anode can be attached onto the surface of the solid
electrolyte easily. Aftercooling to room temperature, the anode delivered a flat
homogenous texture with metallic luster. The wafeitity of Li-Y to LLZTO solid
electrolyte was demonstrated through this attachment process, and further confirmed
through scanning electron microscopy (SEM). As showriguire 4-1 c-d, intimate

55



contact without obvious void or gap was observed between LLZTO aivd The
position of the interface was further confirmed using the eréigpersive Xray

spectroscopy (EDS) mappingigure 4-1 e-h).
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Figure 4-2 Characterization of the interface chemistry for the L+Y | LLZTO
interface (the weight ratio of Y to Li was 3:1).(a) SEM imaggtop view) for the

Ga" ion beam sputtered carter of the interface. (b) Depth profiling of spatial
distribution of Zr, La, and X element at the interface. (c) Thermodynamic equilibrium
reaction energy for the Ki2CGQs, Li-Li2COs, and LiLiIXOa interfaces. (d) The
cal cul at ed i n vsethefnanber of d-metal forynula(units by DFT.
High-resolution XPS of (e) X 3d, and (f) Zr 3d spectra of the interface.

Further characterizations were conducted to investigate the interface chenstry
evaluate the thermodynamic stability agaithshdritepenetration The depth profile

of Zr*, Y3" and Ld were aqquired byex situ time-of-flight secondary ion mass
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spectrometry (TofSIMS). A 20e nx 20 ¢ marea(Figure 4-2 a) wassputteredwith

Ga+ ion focused ion beam (FIB) on top of the SSE, in whighs¥iow peak at a
deptharound 0. nwith thefollowed by arise of Ld, indicating theaggregabn of

Y3* at the LiY | LLZTO interface(Figure 4-2 b). X-ray photoelectron spectroscopy
(XPS) was performed with Arion gun etching to identify theomponentat Li-Y |

LLZTO interface. The etching deptf the interfacevas confirmed with the Z8d
spectra Figure 4-2 f) to make sure the interface has been reachemm theY 3d
spectra Figure 4-2 e), the peaks fordszand sz of the oxideor carbonate ofY

were located at159.03eV and 157.04 eV, respectivelyAs a crossvalidation and
further identification between the oxide and carbonate, calculation based on density
functional theory (DFT) was conducted to find the potentially thermodynamically
stable compound on the interface The result wafupl ot péadti nr
Figure 4-2 c, in which a stable compound should have a lower formation energy than
the linear combination of any other phases in the system, i.e., being on a convex hull.
As shown by the blue and green curves, there are more stable compoundsYin both
Li2COsz and LiLi2COs systems. On the contrary,-LiYO2 demonstrates a straight

line in red without any more stable compound. Thasdirmed the most stable form

of Y should beits oxide form:LiYO2z, and Li¥O2z should be the main functioning

specieonLi-Y | LLZTO interface.

To further evaluate the dendrite suppression capability of kjYia interface energy
() of the LiYO: against Li was analyzelbased on DFT simulation. On an energy

perspectivejnterfaces with high will require high energy penalty for lithium to
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penetrate in a dendritic form, and thus promoting lateral lithium motion along the
interface®” In previous reports, LiF has been recognized as having the highest
among allithium compounds that can hermed in theelectrolyte | anode interfaédé
LiF-rich interfaces have been usaednultiple systems and demonstrated exceptional

performance of dendrite suppressith’®

As shown inFigure 4-2 d, the interface energy obtained from the intercept of the
fitted line was 81.65 meV/A foLiYO2, which is even higher than that of LiF. The
LiYO2 with extremely high interface energy agaihtium can effectively suppress

Li dendrite growth.

Here, the high interface energylalyO2 against lithium guaranteed a dynamic stable
interlayer that suppressed the dendrite penetration. While the negative theoretical
equilibrium potential of oxidedrm of Y against lithium affirmed a thermodynamic
stable interlayer that would not be reduced back to an electrestuctingY metal

layer by lithium. With these two unique properties, \he or med a sol i d

to protect the SSE from decompositiemd Li dendrite penetration.

4.5Lithium DendriteSuppressiorCapability of LiYO2 Interphase

Electrochemical characterizations of theMJLLZTO|Li-Y cells were conducted to
confirm the lithium dendrite suppression capability of the designed interlayer with
high thermodynamic stability. In order to select theYLialloy with optimized

composition, electrochemical impedance spectra (EIS) were condactexhsure the
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interfacial resistance before cycling, and critical current density (CCD) tests was

conducted to evaluate the lithium dendrite suppression capability.
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Figure 4-3 Electrochemical characterizations of the symmetric LiX|LLZTO|Li -

X cells at room temperature without extra pressure.(a) EIS plot of Li
X|LLZTOJLi-X and LFAU|LLZTOILi-Au symmetric cells; The detailed EIS for
different ratio of X were shown in the insegdire. CCD measurement for the (b} Li
AU|LLZTO|Li-Au cell, and (ee) Li-X|LLZTO|Li-X (the weight ratio of X to Li was
(c) x:1, (d) y:1 and (e) z:1, respectively) at stegreased current densities with a fix

charging/discharging time of 0.5 h. (f) The suamn of interfacial resistance and
measured CCD for the symmetric cells withAu and LiX anodes.

As shown inFigure 4-3 a and f, the resistance of the electrolplets, including

both bulk and grain boundary, are represented as the first semicircles, which are
around 150~16% ¢ megardless the interface treatmertieTinterface resistances of
Li-Y|LLZTO|Li-Y cells are around 2085 ¢ & mhich are significaty smaller
compared to the Au ?sPphaCADemeasdremem shows that 4
the LiFY |LLZTO]| Li-Y (the weight ratio ofY to Li was3:1) can reach a high CCD of

1.15 mA cn? (Figure 4-3 d), which is 10 times higher than that ofAu |LLZTO)|

Li-Au (0.1 mA cn?, Figure 4-3 b). The compason of the LiAu anode and k¥
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anode with different LY weight ratios is shown ifigure 4-3 f, among which the
Li-Y |LLZTO|Li-X (the weight ratio ofY to Li was3:1) shows the smallest interface

resistance and highest CCBidure 4-3 c-e).
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Figure 4-4 Electrochemical characterizations of the composition optimized L¥
anode.(a) The voltage profile of LY |[LLZTO| Li-Y (the weight ratio ofyto Li was
y:1) cell at stepncreased current densities. (b) Voltage profile feiyLULLZTO| Li-

Y (the weight réio of Y to Li was 3:1) cells when Li was stripped at a constant
current density of 0.1 and 0.5 mA Znwith a cutoff voltage of 1.0 V. (c)
Galvanostatic cyclic performance of the symmetrieYLILLZTO| Li-Y (the weight
ratio of Y to Li was3:1) cells at0.5 mA cm? and the corresponding details for the
regions I, I, and Il were shown in (d).

To further study the Li plating/stripping behavior ofYianode (the weight ratio of
X to Li was 3:1), the critical capacity of cell was tested. WherYLJLLZTO]| Li-Y
was stripped at constant current densities of 0.1 and 0.5 mAwdith a cutoff
voltage of 1.0 V, the critical capacities of 4.2 and 2.8 mAh’ emere achieved
(Figure 4-4 b), which can fully meet the capacity requirement for practical

application of Limetal anode in akolid-state battery. The optimized-Vi |[LLZTO|
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Li-Y (the weight ratio ofY to Li was 3:1) shows stable cyclic performance at
different current densities of 0.1, 0.2 and 0.5 mAZcmithout any abrupt
overpotential increasd-igure 4-4 a). Besides, a longycle life of 600 hours under
0.5 mA cn¥/0.25 mAh cn? can also be achievedi@ure 4-4 c-d). The superior
electrochemical performances of -Yi |LLZTO| Li-Y cell demmstrate the

effectiveness of our design principle for a thermodynamically stable interlayer.

4.6 ElectrochemicaPerformance ofFull Cells
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Figure 4-5 Electrochemical performance of proofof-concept LiY | LLZTO |
NMC811 cells. (a, b) The cycle performance for the cell at 0.2 C with cathode
loading of 0.8 mAh cm (0.1 C for the first cycle for activation). (c, d) The rate
performance for the cell ategtincreased Gate.
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Since L+Y anode shows high CCD and high cycling stability with LLZTO
electrolyte, it was selected for additional full cell performance evaluatiol. i
LLZTO | LiNio.8Mno.1C.102 (NMC811) cells were assembled with liquid electrolyte
wetted cathode interface to eliminate the contact effect on cathode side. The cell was
activated at 0.1C in the first cycle and then cycled at 0.2C in the following cycles. Li
X | LLZTO | NMC811 cell povides reversible capacity of 186.4 mA#H at the 10th
cycle of 0.2 C under cuiff voltage of 2.7~4.3 VKigure 4-5 a) with a capacity
retention of 80% after 100 cgs with average Coulombic efficiency of 99.77%
(Figure 4-5 b). Li-Y | LLZTO | NMC811 cells also shows excellent rate capability.
As shown inFigure 4-5 c-d, The LiX | LLZTO | NMC811 cells display capacity of
198.2 mAh ¢ at 0.1C, 170.0 mAh g at 0.2C, 157.6 mAh ¢ at 0.3C, 148.7 mAh

gl at 0.4C and 141.0 mAh-§at 0.5C. When the current recovered back to G.,1
reversible capacity of 159.7 mAh'gcan also be remained. The superior cyclic
performance and rate capability of-Yi| LLZTO | NMC811 cells can fully
demonstrate the superior stability of-Yi alloy anode to LLZTOelectrolyte.
However, further optimizations of liquiiee cathode interface engineering are still

needed to realize practical applications ofsalid-state lithium metal batteries.

4.7 Conclusion

Overall a high stableLiYOzinterface was established and studied in this chapter to
validate our design principle of high interface energy for SSE | Li interfa¢eghA

critical current densityf 1.15 mA cni?, a critical capaciy of 4.2 mAh cn? at 0.1
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mA cm-2 anda long cycle lié of 600 cycles under 0.5 mA &0.25 mAh cn? was
achieved in the ithium symmetric battery test$éo demonstrate the dendrite
suppression capability of the interfadenis work sheds new insight on the rational

design of the interface for SSLBs with higarformance.
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Chapter 5 Void Suppressive Lithium Anodes for AlFSolid-
State Batteries

5.1 Introduction

All -solid-state lithium metal batteries have garnered great attention due to their high
energy density and safef}y”®> However, SSLBs suffer from high interface resistance
and severe lithium dendrite growtimpeding their application¥'’® The initial
interfacial resistance and overpotential can be reduced by enhancing the wettability
between lithium and solidtate &ctrolyte (SSE) through removing the surface
contaminant® and coating lithophilic lay&?8. enabling stable lithium cycling at a

low rate and capacity. However, the interfacial overpotential dynamically increases
due to thevoid evolution at the LSSE interface during cyclimy®>83When the
interfacial overpotential exceeds the critical overpotential (COP) of®°$&%#
chemomechanicalegradatioff will occur, accelerating lithium dendrite propagation

inside SSE.

Lackingan understandg of the origin of void evolution, the reportgareengineered
methods cannot effectively eliminate dynamic void formation and dendrite
propagation. The dynamic strategies of suppressing void evolution are mainly limited
to applying stacking press&fé® and raising the operating temperattirevhich are
unfavorable for battery integration due to the introduced weight and cost to the

battery stacks. To devel@gm SSLBthatcan cycle at a high rate and a high capacity
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under low pressure and room tempere, a fundamental mechanism of the void
evolutior?®%! should be revealednd corresponding effective strategags urgently

needed

In this study, we systematically investigated the lithium dendrite formation
mechanism and correlated it withe interfacial overpotential induced by void
formation. To enhance the void suppression capability (VSGhelithium anode,
lithium diffusion was accelerated over 10 times by refining the grain through
solidification of molten Li with a Mg-La inoculant (LiMglLa) additive,
simultaneously enhancing the wettabilifjhe refined LiMgLa anode demonstrated a
high VSC of 4.1 mA&An*, which is over 10 times higher than thattbé LiMg
alloy (0.4 mAARAm?*). The LiMgLa anodes enable a high critical current density
(CCD) of 2.2 mAcm? at a high capacity of 1.1 mA&m? with the
LiesLasZrisTansO12 (LLZTO) electrolyte, improving the rate and capacity
simultaneously. The LiMgLa|LLZTO interface evolution during lithiutripping is
simulated usinga phasefield model, providing dynamic insight into the void

formation process at the dependency of current density and diffusivity.

5.2 Experimental

5.2.1Synthesis of thélloys asAnodes

The anodes were prepared by a molignium method in a glovebox with an argon

filled atmosphere with moisture and oxygen concentrations <0.1 ppm. The lithium
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foil was placed in a stainlesteel container and heated at I5@n a hot plate. The
native surface film was carefully removed poesent a shiny liquid lithium. To
prepare the Mg alloy, Mg powder was added slowly to the molten lithium
according to the molar ratio and vigorously stirred for approximately 10 minutes.
Then, the LiMg alloy was cooled to room temperature by movirmagpfrthe hot plate.

For the LiMg-La alloy, the La powder was added to the molteiii alloy at 350

€ by the weight ratio of Mg and LaThe following procedures for the {Mg-La

alloy are similar to those for iMg.

5.22 Electrochemical Characterizations

The critical current density (CCD) measurements were conducted with stepwise
increased current densities (0.1, 0.2, 0.5, 0.7, 1.0, 1.2, 1.5, 1.7, 2.0, & #HAnd
each step was fixed as 30 minutdscharging/discharging. The profiles for anodic

dissolution were tested with a voltage cutoff of 5.0 V at various current densities.

A commercially available NMC811 2wast hode w

provided by SAFT as the cathode tor the SS
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5.23 MolecularDynamicsSimulations

All the classic moleculadynamics(MD) simulations conducted in this work were
performed using the Larggcale Atomic/Molecular Massively Parallel Simulator

(LAMMPS, http://lammps.sandigoy software®®> The modified embedded atom

method (MEAM) potentials were used for Li and LiM@ lithium vacancy
concentration of 2% is introduced to the Li and LiMg bulk and slabs. The MD
simulations were performed in the NPT ensembleatl atm andl = 298 K with a

Nosé Hoover barostat and thermostat for 5 ns with a time step of 1.0 fs ¢patge

the equations of motion. Periodic boundary conditions were used, and electrostatic
interactions were considered using the paitudeticle particlemesh scheme in-k
space. Subsequently, 10 ns equilibration MD runs were performed in the NVT
ensemblefollowed by 10 ns NVT production runs that were used to extract structural
properties. The diffusion coefficients (D) were defined as the mean squared

displacement (MSD) over time as
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wherei 0 is the displacement of theh Li-ion at time t and N is the total number of
ions in the system. The coefficients are finally attained from the slope of the average

MSD vs. time plot for each temperature.

5.23 PhaseField Model andParameters

The phasdield method has been widely appliedl dendrite growth in liquid and
solid-state electrolytes, showing great capability in revealing the underlying
mechanism for energy storage devices. However, the evolution of the anode during
anodic dissolution has not been investigated. To probe the otogital evolution of

the LiMg and LiMgLa anodesduring thestrippingprocess, the phagield modef*%

is simulated using a finite element method on @@MSOL Multiphysics 5.6

platformunder an adaptive grid

(@) - (b)

407
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-1107

-1201
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Figure 5-1 (a) Scheme of the modeled LiMgLa and LLZTO interface and (b) the
geometry of the anode @OMSOL Multiphysics. The physics in the LLZTO pellet
has not been solved
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The size of the lithium anod€igure 5-1)i s s et t o, and h®mebh sig@elis & m
set as 50 x 20 with a minimum grid spacing dfn = 4 pum. Since the amount of
doped Mg and La is quite small, the Li bulk concentratiorrimloyed aso

X® 1 p mtmolA3, All the parameters are normalizénl a characteristic energy
densityO ®Y'Y p& w p mJ A’ma characteristic lengthh = 1 ¢ m, and
characteristic time stej90 p 8. The detailed parameters and their normalized

values are listed ifable 5-1.

Table 5-1 Phasefield simulation parameters and their normalized values.

Real value Normalized value
Parameter Symbol LiMgvalue LiMgLa value expression LiMg  LiMgLa
value value
Diffusion , .
coeff.in O X® A p&C T % T o075 1.2
bulk lithium
Diffusion , .
coeff.in O 0 0 % 7 a 0 0
void
Diffusion @ o X® 0T
coeff. at O cnPls cPls oY aro 75 1200
surface
Gradient
energy I p pmJdm v pmmdm IFTO0Oa 0.0528 0.264
coefficient
Barrier . T®UL pT T8V pTI .
height w I I w O 0.0264 0.0264
Exchange o
current Q 737.15 A/mt 737.15 A/m * 1 1
. T "G
density

To describe the diffuse interface in the phislel model, a continuous phaseld
variable, is introduced, which is a physical correspondence to the dimensionless
concentration of Liatomsi® , o¥o. Here Gand are the reatime and initial

lithium concentrations respectively., =1 represents the electrode, whijle=0
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represents the v, and O< <1 represents the interface between these two phases.
From the Ginzburd.andau theory, a local chemical potential must be derived as a
function of concentration. With Fepresentinghe free energy function, the chemical

potential can be represted as a variational derivative as

Since the concentration, ¢, is a conserved field, the mass conservation equation

should be satisfied

€

ngp 4.

N
Oa

The flux,® can be defined as
® -ng 5.

where M is the diffusion mobility. The equation of motion for the concentration field

can be obtained by combinieguationg3) and (4)

o . 10
\ n Un_'r 6
T 0 T W

This is the CahiMilliard equation which represents the governing equatior

concentration. The Ginzbwigandau free energy functional, F, is defined as:
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where Qs the chemical free energy densityis the coefficient of gradient enerdy,
is the electrical charge density &fdls the electric potential. Then, the timeolution

of , in the phasdield model can be derived and given by:

An arbitrary double well functiof, ®W, p , Iisused to describe the two
equilibrium states for the electrode ( p) and the void,( ™). w represents the
barrier height’Q, .o, p vV p TS an interpolating function representing
the fraction of material articipatingin the electrochemical reactions. The diffusion
coefficient at the interface depends on the phase parai@eter O Q,
T0Q, p 1Q O p Q, ,whereO ,0O, andO are the lithium diffusion

coefficients forthe bulk, surfaceand void, respectively.

To simulate the anodic dissolution process with a constant current density, the
following rule is adapted to distribute tha&cal current densityi) at the anode and

SSE interface.

Qi

whereO is the applied current densignd™Y and“Yare the initial and redime

contactareasat the electrode/electrolyte interface, respectively.

The reaction overpotentiat, is calculated by the Butlievolmer equation:
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0 0 , ‘Q(JO-F]W_ 'Q(bF]— 10.

N
NV

whereQis the exchange current density an the chargédransfer coefficient.

5.3 Suppression of Voids and Lithium Dendrite

5.2.1 Definition of Void Suppression Capability (VSC)

To analyze the void evolution mechanism, the VSC of an anode is defined as the
productof the applied currentif and full depletion capacityQmay. The VSCshould
be a constant for an ideal Li|SSE interface according to the -tnaaser
transportationwhich isdetermined by the effective diffusivitypés) and the initial

interfacial concentratiorcg) of thelithium anode.

Assuming a classical chemical diffusion process driven by the lithium concentration
gradient in the anode and the initimterface resistance can be neglected, the
depletion times (U) can be deitaecordrigined by t

Sandds “equation

t~ —=———00 11.
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where O , @, and Oare the effective diffusion coeffent, initial lithium

concentration for the anode, and Faraday constant, respectively. We have the full

depletion capacitp

¥ ‘f 12.
Defining the void suppression capability"Y® '@ , and combining equations
(4) and (5),
e “20 JbJ0
w"YO0 QO - 13.

Since the effective diffusion coefficient and initial lithium concentration for the anode
are the intrinsic properties of the anode, the VSC should be a constant for certain
lithium metal oralloy anodes. The relative void suppression capability (RVSC) is

obtained by defining the VSC of Li metal as 1.

5.2.2 Relationship between the VSC an@CD

For ASSLMB, when the product of the stripped capacity and applied current
approaches the VSC, thahium at the interface will be depleted, inducing void

formation.

The critical current density (CCD) is measured as the current density when the cell is

short during lithium plating and stripping. According to our principles, a short circuit
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occurs whenhte delivered capacity approaches the full depletion capacity using the

CCD as the applied current density and a fixed time of. Thus,

®"YO s R08) 14.

Then, the relationship between the VSC and CCD can be derived as

660 YD 15.

The predicted maximum CCD at variodis according to the VSC are listed in

Table 5-2.

Table 5-2 The predicted maximum CCD for Li metal, LiMg, and LiMgLa anodes at a
fixed plating/stripping time of 0.5 h based on the published diffusion coefficients.

- — _ P H D
Anode Dert (CM2&1) VSC(sh2An) redicted CC

(MAAM?)

Li Metal (0.8~9)x10**  (0.34~3.84)x10 0.44~1.46

LiMg (1.37)x0*  (0.55~1.42)x18 0.56~1.29
LiMgLa 3.6x10™%° 1.50x10° 2.89

Li Metal (0.8~9)x10™*  (0.34~3.84)x10 0.44~1.46

Current efforts to enhance the interface contact should be useful since it imaroves
For a criticalco (ideal interface), the CCD can be predicted as a function of the
capacity, which is presented as the orange linEigire 5-2 (data points listedn

Table 5-3).
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Figure 5-2 Designprinciples and strategies for highperformance ASSLMBs (a)
The predicted upper limit of CCD (oranged) and reported CCDs (orange scatters)
asa function of capacityThe red target on the top rigtépresents target of high
rate and high energy density ASSLMB. (chematicof dendrite formation
mechanisms in the SSE with differe@OPs The red arrowepresentshe voltage
profile during plating. When the absolute value of voltegg@gher than the absolute
value of COP, dendrite growth startéc) Schematic of the designf diigh-
performance ASSLMB by enhancing the contact iafiching the grain size.

The reported CCDs (scatterskigure 5-2 a andTable 5-3) by SSE modification and
interface engineering are chasing the ideal CCD of lithiungol®nhancement. The
relationship indicateghat a high CCD can beachieved by shorteninghe Li
plating/stipping time, which isconsistentwith the reported resufs However,
improving the CCD by sacrificing the capacity deviates from the original intention of
utilizing the high energy density of ASSLMBs. To simultaneously reach the goal of
fast charging and high energy density (stafigure 5-2 a), theVSC should be raised

by simultaneously imprang co at the interface anDest of the anode.
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Table 5-3 Reported critical currentethsities (CCDs) and corresponding area specific
capacity (ASC) for planar garnstpe solidstate electrolytes. The improvement

strategiesande x per i ment al conditions are included
temperature.
Composition Methods ASC CCD T P Ref.
(mAhicm?) (mAicn?) () (MPa)
0.08 0.15 J. Power Sources
LibsLaZn sTa.5012 Microstructure 0.20 0.40 25 1.4 20i7 363, 146152
0.30 0.60 ' '
0.1 0.2 J. Electrochem. Soc
LissLasZn sTas012 Roughness 25 1.4 2017,
02 04 164,A666A671.
, _ , 0.36 0.36 Batteries
Lis.sdaZn ssT @.45012 Relative density 25 / Supercaps 2019, 2,
0.11 0.11 524¢529.
1.0 05 ACS Appl.
Lib.sLasZn 6T@.4O12 Acid Etching ’ ' 20 0.15 Energy Mater. 2019,
2,672@6731
0.2 0.1
LissLaZn sTa 01 SPS sinterin 0.3 0.6 25 1.4 J. Power Sources,
SLALfsl A g ' ' ' 2017, 363, 14852
. Solid State lonics,
LirL&ZrO12 HIP 0.295 0.591 25 / 2018, 319, 288290
ACS applied
. materials &
L 2sGav. 29 2012 Heat treatment 0.45 0.9 60 / interfaces 2018, 11,
1, 898905
ACS applied
. . ) materials &
LirL&aZrO12 Grain refinement 0.134 0.268 25 / interfaces 2015, 7.3,
20732081
. . Rare Metal018,
Lis.sLasZn sTays012 Au/Nb coating 0.083 0.5 25 0.1 37, 473479,
Angewandte
. Chemie
Lirl275Ca.2520 78Nl 250 Mg coating 0.008 0.1 25 / International Edition
© 2017, 56, 47, 14942
14947.
. . . Nano Lett. 2018, 18,
Lis.sLaZn sTa.s012 LeN coating 0.0125 0.15 25 / 11, 74147418
Energy &
. . Environmental
LissLaZn sTas012 CuN coating 0.6 1.2 25 / Science 2020, 13, 1
127-134.
. . J. of Power Sources
LibaLaZnaTaeOn2 SnQ coating 0.575 1.15 30 / 2019, 420, 181,
LbsAboLaZn3No2Or  Graphite interface 0.15 03 25 ACS Energy Lett. 3,

2018, 12121218
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0.25 0.5 80 /

LisLaZn sTasOno LiCcomposite 0.5 1 60 / Adv. Mater. 2019,

31, 1807243
J. of Mater. Chem. A
Lis.2el &ZPAb 24012 PVDFPEO 0.033 0.4 25 / 2018, 6, 42, 21018
21028.
L.b.SLazrllASTa?.SS()lz with ultrafgst s‘intering 0383 23 AcsEnergy Lett,
LeN Filler with Filler 25 2021 6, 37523760
LissLasZn 45T a.55012 Control group 0.217 1.3 / ' )
Acs Appl Energy
Lib.28Ab 24_&Z1012 LicZn alloy anode 0.183 11 25 / Mater. 2020, 3,
9019017
J Mater Chem A.
LisLaZr.sTa 5012 LePQ 0.4 0.8 25 / 2019, 7,1456%;
14574
LibsLaZn sTa.s012 LiMgLa alloy 1.1 2.2 25 / This Work
LbsLaZn sTa:On LiMg alloy g ;’5 g:g 25 / This Work

The voids at Li|SSEeduce the effective contact area at the interface and partially
block lithium paths into the SSHakingthe masgransfer controlled overpotential

(d) increaserapidly with the galvanistic lithium stripping time. Ftre subsequent
lithium plating procss, the initial overpotential may be larger than the critical
overpotential (COP) ainSSE with a low COP (less stable against lithium) due to the
formed voids, driving lithium dendrite formation and propagation (shadow area in
Figure 5-2 b left). Increasing the COP can effectively suppress dendrite propagation
(Figure 5-2 b right). It slould be noted that even for an ideal denefiiée electrolyte

with a high COP, the high interface overpotential due to the formed voidinailly

blockt he charge/ di scharge-cprouoesé. | slemme y

external manifestationd the cell failure, while more attention shoulddigeento the

reduction of polarization through increasing YHeC.
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Figure 5-3 (a) Nyquist plots before cycling and (b) voltage profiles at 0.1&m&
for symmetriccells with Ag, Mg-, Al-, andAu-doped Li as anodes.

The high lithium concentration at the interface requires intimate contact between the
SSE and Li anodes. Adding a small amount of lithiopmietals,such as Al, Au, Ag

and Mg, can effectively enhance the wettability and contact between lithium and SSE
(Figure 5-3). Since Mg also has a long range of salafution phasedMgO can be
easily formed at the LLZTO surface to protect the surfaom further reduction
Therdore, Mg was selected as an additive in lithium anodes. Howeveiitlasther
lithiophilic metals, Mg cannot effectively enhance the lithium diffusivibyus voids

still form dynamically Figure 5-2 ¢ middle andFigure 5-3). Since the grain
boundary has a higher diffusivity than thathe bulk, reducing the grain size should
enhance the lithium diffusivity. One way to refine the grain is to add inoculant in
molten lithium followed by a rapid solidification. It was reported that-Mgcan

form intermetallic compounds, which can serve as the effective néffendithium
crystalization (igure 5-2 c right). Similar to the solidification process, Miga can

also maintain thauclearrole during the electrochemical Li plating/stripping process
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inheriting the refined grain size. With a decent interface contact and fast lithium
diffusion inside the lithium anode, the LiMgLa anodes should achieve a high VSC

and enable both high rate and high energy density cells.

Figure 5-4 Digital picturesof the wettability of (a) molten Li and (b) molten LiMgLa
against LLZTO pellets and the assembled LiMgLa|LLZTO|LiMgLa symmetric cells
at (c) 350 and (d) room temperature.

- pYJ ’_‘" “‘
;15 “Tw

s

Figure 5-5 Scanning electronic microscope (SEM) images for the @esson ofthe
LiMgLa|LLZTO interface beforeycling at different scales, showing decent contact.
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5.4 Void Suppression Capability of the LiMgLa Anodes

Three doped Li anodes, including LiMg §kéMgzs), LiLa (Li-1%wt La) and

LiMgLa (Ligo75(Mg-1%wt La)2.5), were prepared by adding Mg and/or La into molten

Li at 350€ followed by rapid solidification ira glovebox The interface resistances

of these alloy anodes with LLZTO were evaluated with electrochemical impedance
spectroscopy (EIS). After subtractingé bul k transporA&minesi st an
the LLZTO (Figure 3-8) from the symmetric cell resistandée interface resistances

of theLiMg, LiLa, and LiMgLa anodesvere calculated as 29 5 &n# (Figure 5-7).

The small initial interface resistances indicate excellent wettligufe 5-4),

intimate contact, and higta for all of the interfacesHigure 5-5 ard Figure 5-6).

Figure 5-6 Energy dispersive Xay (EDX) mapping analysis for Mg, La, Zr, and Ta
on the crossection ofthe LiMgLa|LLZTO interface The EDX mapping images
show distinct domains for the LiMgLa and LLZTO pellets with Elgmentsn the
electrode and La, Zr, and Ta elements in the LLZTO pellet. The mapping for La
confirms that only a small amount of La is doped.
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Figure 5-7 VSC of LiMgLa anodes at room temperature.(a) Electrochemical

impedance spectra of symmetric cells with LiMgLa, LiLa, and LiMg andaes 1

MHz to 0.1 Hz using symmetric cells withoan externd pressure at room

temperature (b) Delivered maximum capacity of LiMgLa LiLa and LiMg anodes
during stripping at a2 withuavaitagecutoffdoe5n0svi t y o f 1
(c) Voltage profiles for the workingounter (WC) electrodes, workingeference

(W-R) electrodes, and countesference (€R) electrodes measured using a three
electrodecell. The inset figure shows the potential profiles of the subsequent plating

process after fully depleted Li stripping. (d) VSClaoMgLa anodes with different
compositions during strippin?g(e)abtentml curren
profiles of LiMgLa anodes during stripping at different current densities. (f) The

current density dependency on the Li depletion times and fittede{dbhes)

di ffusion coefficients for LiMg and Li MglLa

The Li stripping voltage profiles of symmetric cells using LiMg, LiLa and LiMgLa
electrodes show flat plateaus with a rapid increase to 5.0 V at the end of the Li
stripping @ 1.0 mA A 2@ (fFigure 5-7 b). The rapid increase in overpotential is
attributed to thedetachmentof anodes to LLZTO due to void growth. The full
stripping capacity othe LiMgLa anode is over 10 times larger than thattoe Li

anode at a high current of 1.0 ®AT2, suggesting a great enhancement of VSC.
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Figure 5-8 Cell schematic for threelectrode cells with LiMgL&lectrodes.

Threeelectrodes measuremefridgure 5-8) demonstrates that under the circumstance

of reaching full stripping capacity, even a small amount of plated lithium (0.05
mAhZ&n2) would shortenthe circuit Figure 5-7 ¢), indicating the strong correlation
between void formation and Li dendrite growth. The potential of the plating side (W
R) gradually decreases while the potential of the stripping GH&R) gradually
increases, suggesting that the dendrite growth from the depleted interface is much
faster. The fast shodircuit on the depleted interface catsobe found at a large

current density in the LiMgLa|LLZTO|LiMgLa symmetric celldure 5-9).
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Figure 5-9 The enlarged potential profiles of LiMgledectrodes at the early stage of
stripping and their subsequent plating process at different current densities with
voltage cutoffof 5.0 V. Shortcircuits are found for the cell for 1.0, 1.5, and 2.0
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mAZ&M? within a small capacity of 0.1 mA&m?2.

As shown inFigure 5-7 d and Figure 5-10, the VSC of Li anodescreass with
Mg/La weight ratig at a fixed total amount of tiMg. At afixed Mg/La weight ratio,
all VSCs of theLigozgdMg-La).s anodes are higher than those ofs(\Mg-La)s. The

voltage profiles of LiMgLa anodes at different current densities witlt-aff voltage

of 5.0 V are displayed iRigure 5-7 e.
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Figure 5-10 Voltage profiles of different composite (a)of(MglLa)s and (b)
LiozgMgLa)ks electrodes with different Md.a weight ratios. Thedashedlines
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demonstrate the reproducible performance for LiMgLa anodes.
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Table 5-4 The effective diffusion coefficients @), the initial lithiumconcentration

(co), and the calculated void suppression capability (VSC) and relative void
suppression capability (RVSC, void suppression capability of Li rsetas 1) for Li
metal, LiMg, and LiMgLa anodes. The initial surface concentration of LiMg and
LiMgLa was set as 0.975 timésatof Li metal.

Anode Deff (Cnis?) Co(molim®) VSC (@2im™) RVSC

Li Metal 5.6x10M" 7.64x10 2.39x10 1
LiMg 3.4x101 7.45x10 1.42x106 0.59

LiMgLa 3.6x10% 7.45x10 1.50x10 6.28

Obviously, the full depletion capacity ftie LiMgLa anode is much larger than that
of theLiMg (Figure 5-11) anodes at a fixed current density. The full depletimes
(t) at different current densities thfe LiMg and LiMgLa anodes are shown Eiror!
Reference source not foundf. By fitting plots oft ¥ versus current densities) (
usi ng Sa n dhe §ttedDg of bi foi tlehiMglLa anode is 3.43 x16° cnA

1 which is oneorder ofmagnitude higher thathat of theLiMg anode (3.25 x 16!
ceA1), confirming the enhancement of Li seliffusivity and VSC in the LiMgLa
anodes. Assuming ideal contact betwésmanode and SSE, thbkeoreticalVSC of
LiMgLa (1.50 x 1(° A>AA) is 6.28 times higher thathat ofthe Li anode (2.39 x
10° A2AAn?), while the VSC of LiMg (1.42 x 10A%AM?) is lower than that of Li

(Table 5-4).
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Figure 5-11 Voltage profiles of LIMg|LLZTO|LIMg and LiMgLa|LLZTO|LiMgLa
symmetry cells at various currati¢nsitiesvith avoltage cutoff 5 V.

5.5Mechanism for the high VSC of LiMgLa anodes

cre@ees L|Mg‘y" Surface

7’ Diffusion
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t t
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¥ Diffusion Ds>Dep>Dy
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Figure 5-12 Characterization of the LiMgLa anode. (a) SEM showing the grain
distributions and sizes dhe LiMgLa and LiMg alloys (b) Moleculardynamics
calculated diffusion coefficients of bulk adiferently orientedsurfaces for Li metal
and LiMg alloy at room temperature. The inset scheme illestrdifferent diffusion
mechanisms. (c) Representativeray diffraction data for the Li metal, LiMg, and
LiMgLa anodes (d) Atomic structures and charge distributions of
Li(110)|LaMg(100) and Li(100)|LaMg100) interfaces. (Li in pink, Mg in orange,
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La in blue and the electron clouds in yelldar charge accumulation and cyan for
charge depletion).

The highVSC of LiMgLa anodes is attributed to the refined microstructure aith

fast lithium diffusion pathway since Mga is an excellentnoculant for metals.

Scanning electromicroscopy(SEM) was used to characterize the microstructure of

the LiMg and LiMgLa anodesFigure 5-12 a shows the grain sizes of LiMg and

LiMgLa. The grain sizes for the LiMgLa are in the range -df05um, while those for

the LiMg alloy are approximately40 ym. The smaller grain sizes indicate a larger

specific surfacand grain boundary area.
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Figure 5-13 Moleculardynamics(MD) calculated diffusion coefficients for (a) LiMg
bulk, (b) LiMg surfaces with differendrientations (c) Li bulk, and (d) Li surfaces
with different orientations
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The lithium diffusion coefficients of the bulk and surfaces with different orientations
for Li and LiMg are calculated via molecular dynami€sg(re 5-12 b andFigure
5-13). LiMg and Li show close diffusion coefficients for both bulk and surface cases
because of the low ratio of Mg and the same latiype. The bulk LiMg shows a
similar diffusion coefficient b1.4 x 10! cn?A? to that of bulk Li (1.1x 10 cn?As

1. The calculated diffusion coefficients of LiMg are consistent witmeasured Bx
(3.42 x 10! cn?AY) obtained by fitting the experimental data Figure 5-12 f.
However, the surface diffusion coefficients of amd LiMg are over 3 magnitudes
higher tharthosein the bulk Figure 5-12 b). LiMgLa anodesavea higher specific
surface and grain boundary area than Li and LiMg, enabling faster Li diffusion
because of the higihdefect concentration at surfaces and grain baiggla

b (100) mwew (332) wmm (103)
(a) La ( ) (112) =ew (323) . (211)

(1100 w=m (001) - (101)

e N

G |

LaMg,
LaMg, 1 r
. IR LI SRS @%\*Mg | |
ARV VRN

Figure 5-14 (a) Phasediagram from the Materials Project and @ulff shape
constructed by calculating the surface energies of different slabs. The picture is
generated by using Pymatgen. The Wulfage indicates thdahe LasMg patrticle is
domain by the (100) surface.

The mechanisnby which theMg-La inoculantrefinesthe Li microstructure was

analysed According to the ternary phase diagraag(re 5-14 a), the added La in
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Mg can form LaMg compoundswhile no intermetallic compound is formed for Li

and La. The formed LaMgwith a higher melting point would act as a crystal nucleus
when coaoihg down the molten LiMgLa alloy. Due to its small size, LaMgnnot be
indexed in Xray diffraction (XRD) ofthe LiMgLa anode Figure 5-12 c) dueto its

weak crystHinity along the (110) orientation. The Wulff shapg@dure 5-14 b) for

LaMgs has been constructed by calculating the surface energies of different
orientations to provide panorama of the LaMgnucleus. The atomic interfaces for
LaMgs(100) with Li(110) and Li(100) have been optimized by {fpanciples
calculations based on deity functional theory Figure 5-12 d). The atomic
structures suggethatthe LaMg(100) surfacaassists in formingmorphous Li along

the (110) orientation and wedtrystallized Li along the (100) orientation,
corresponding to the XRD patterns. The distribution of charge density differences
indicates that the interfacial interaction is electrostatic in nature. The characterizations
reveal thatcodopedMg-La in Li forms LaMg intermetallic compounds, serving as
excellentnuclei for the crystallization of Li solidsolutions The nucleus refines the
grain size and changes the orientation and crystallization of the Li when annealing.
The smaller grain size and amorphousnith a higher defect concentration enhance

the diffusion of LiMgLa anodes.
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5.6 Void Evolution at the Interface with a High VSC Anode

Figure 5-15ab show the SEM crossections of the LiMgLa|LLZTO interfaces after

Li stripping at currents of 1.0 and 218 A A &, mespectively. Voids are clearly
observed in both currentbut the void @pth of the LiMgLa|LLZTO interface after
depletion at 1.0n A A 2 isi significantly larger than that at 20 A A &, indicating

that the smaller current density enables deeper Li stripping since VSC is a constant
for the LiMgLa anode. Dendrite can be foumside the LLZTO pellets over the void

after the plating proceski@ure 5-15c).
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Figure 5-15 Interface evolution of the LiMg and LiMgLa anodes during
stripping at different current densities. SEM crosssections of the LiMgLa|LLZTO
interface after full depletion at curres¢nsitiesof (a) 1.0 and (b) 2.mA A € and (c)
subsequently plated and shorted ifstee at 1.0n A A @. ihe voids are demarcated
by the red dashed lines. (d) Snapshot®iof phase at various evolutitimesand the
corresponding (e) Butlevolmer reaction overpotential, (f) effective current densities
showing the currentonstriction and (g) average diffusion coefficients fibie LiMg
anode at 1.0nA A @ rhiMgLa anode at 1.0nA A &, rand LiMgLa anode at 0.1
mA A @ rithe order parameters ) are listed as =1 stands for lithium and=0
represents the void phase.

The dynamic void fomation process at the Li|LLZTO interface during the Li

stripping process was simulated using a mesoscale -fisltsenethod (Figure 5-1
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ard Table 5-1). Snapshotsf lithium (, =1, red) and voighhaseg, =0, blue) for LiMg
and LiMgLa atvarioustimesand currents are captured to illustrate the evolution of

the anodesHigure 5-15d).

For Stage I, the lithium concentratiomear the Li|[LLZTO interface gradually
decreasesresulting in a densitgradient soligsolution reaction withoutvoid
formation. The delivered capacities for LiMg at 1.0 &AWA? are 0.49 mAh&m?,
LiMgLa at 1.0 Am? are 1.50 mAhem?, and LiMgLa at 0.1 mA&m? are 3.32
mAh&m2. The corresponding depletion depths aperoximatelys, 40, and 80 pm,
respectively. Upon further Li tripping, LiMgLa goes to Stage Il with the phase
transformation process lilge formation ofvacancies at the interfaces. The voithat
LiMgLa|LLZTO interface is formed at 1.94 h with a current of 1.0/Am? and at
35.09 h with a current of 0.h A A @ iMhe voids demonstrate a circular shape. The
number of voids at 1..n A A @ isilarger but the depth of the voids is smaller than
those at 0.ImA A @ nStage Il presents detached interfaces with full lithium
stripping. For LiMg anodes at 1A A A &, i was completely depleted at only 0.69
mAh&m? without the formation of a void. For théMgLa anodes, the anodes detach
from the SSEs when the voids merge into one piece. The full depletion capacities of
the LiMgLa anodes are 2.12 mA&m? atacurrent of 1.0 mA cm and4.27 mAhbnY

2 at a current of 0.1mA A @, roorresponding to voidiepthsover 10 and 20 pm,
respectively. The simulated results are consistent with the SEMs®ogens shown

in Figure 5-15 a-b, suggestinghat the simulations capture éhkey phenomenon of

the anodic dissolution process. Interestingly, the anode evolution behavior is
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counterintuitive, as the void is not forming and evolving along the whole stripping

process but only at the late stage of Li strippfBgpplementary Vided.
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Figure 5-16 Local current density distribution for the LiMg|ldaZTO interfaces

after strippingat 1.0 mA&m? for (a) 1.50 h, 1.94 h, and 2.12 h. The inhomogeneous

distribution of the current densities during anodic dissolution indicates a current
constriction resulting from the morphological evolution of anodes. As the stripping
time increases, the current cardton is aggravated

The simulated overpotential profiles fthre Butler-Volmer reaction overpotential in
Figure 5-15 e exhibit the same trends as the experimental voltage prdfigsré

5-7 b ande andFigure 5-11). The overpotential is flat in Stage |, gradually increases
between Stage | and Stage I, arsgesrapidly between Stage Il and Stage Ill. These
results tirther confirmed that the abrupt incredsethe voltages Kigure 5-7 b)
during Li stripping comes from the masansfer overpotential. The profiles of
effective curent densitiesKigure 5-15 f) and the spatial distribution of the current
(Figure 5-16) at the interface indicate that the severe contact loss during dissolution,
especially after the void formed, induces a high constriction of the current. The
constricted current induced a high local overpotential across thedstig as the

driving force for SSE reduction and dendrite formation.
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Figure 5-17 Spatial distribution of the normalized diffusion coefficient for the
LiMgLa|LLZTO interfaces aftestrippingat 1.0 mAgm? for (a) 1.5, 194, and 212 h
The distribution of the diffusion coefficieshowsa decrease the diffusion path for

Li during anodic dissolution.

The evolution of the averagBigure 5-15g) and spatial distributior={gure 5-17) of

the diffusion coefficients in the LiMgLa anode demonstrated that the average Li

diffusivities of the anodescreasedand reachedtheir maximum at Stage | while

slightly decreasing durinthe subsequenstripping process. The reason for the fast

phase transformation to fornoids is that the high diffusion coefficient at Stage |

enables a fast accumulation of vacancies at the interface. Since the delivered capacity
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Figure 5-18 The phasdield modeled current density and depletion time dependence,
and Sando6s aatedianes) lahium @iffusion eoefficients for LiMg and
LiMgLa anodes.
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from Stage | to Stage Ill is small and voidrhation leads to unrecoverable
morphological instability, lithium utilization within Stage | (~70% of full depletion

capacity) is highly recommended for stable cycling, which was confirmed by recent
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Figure 5-19 Electrochemical characterization of LiMgLa anodes in a soliestate
symmetric cell at room temperature.(a) The calculated electrochemical stability
window versus Li/LT for bulk (cyan region) and slab (red region)UasZr2012. CCD
measurements for symmetric cells with (b) LiMg, LiLa and (c) LiMgLa as anodes.
(d) Comparisorof CCD versus capacity for LiMgnd LiMgLa anodesThered dots
indicate high reproducibilityas detailed inFig. S22 (e) Cycling performance of
LiMgLa|LLZTO|LiMgLa symmetric cells with a current density of 0.7 Al for a
capacity of 0.35 mARmM?. (f) Interfacial evolution of unskde cycling witha low
VSC anode and high COP SSE and stable cycling witighVVSC anode and low
COP SSE.
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Moreover, the simulated VSC (maximiuoapacity dependence on the rates) for
LiMg and LiMgLa confirmsthe linear relationship between the current densities and
t-12 (Figure 5-18). Increasing the diffusion coefficient is an effective strategy to
enable fastharging ells with high capacity by enlarging the duration to reach stage
I. Another feasible way is to enhance the utilization of Li by suppressing the phase

transformatiorutilizing elevatedoressure.

5.7 Electrochemical Performance with a High VSC Anode

To evalbate the dendrite suppression ability for the LiMg, LiLa, and LiMgLa anodes,
the CCDs are obtained by the plating/stripping profiles using a stepwise current
density for a fixed 0.5 hour. For bothe LiMg and LiLa anodesKigure 5-19 b), a

steep increas@ voltage occurs a current of 1.2m A A @, mhile a shortcircuit then

takes place with an abrupt voltage drop. The large polarizations at high current
densities are believed to be related to the formation of voids. In sharp contrast, the
LiMgLa anode enables a high CCD of 2i2A A 2 with small voltage polarizain

even before the shodircuit (Figure 5-19 c). The voltages of the plateaus roughly
obeyOhmdsaw at l ow current densities, [

process.
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Figure 520 CCD measurements for symmetric cells with LiMgLa as anodes
showing the high reproducibility.

The LiMgLa anodes have a high CCD of 2.2 mAZdue to their high/SC, which
simultaneously increases the CCD and deliverable capaeiguré 5-19 d and
Figure 5-20). The LiMgLa anode enables stable cycling at @A A @ far over

1,200 hous and a highaccumulated capacity of >420 mAm2 (Figure 5-19¢).
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