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Bulk-type allsolid-state lithiumion batteriefASSLIBs)are being considered as
the ultimate solution for safe lithitimon batteries due to the replacement of volatile
and fammabile liquid electrolysby nonflammable inorganic solid electrolgtéSES)
Significant advances have been madadhievingsuperionic SEs with a wide
electrochemicastability window (ESW) from 0 to 5 V. The ESW of solid
electrolytes was usually m&ared from the Li/SE/inert metal sefiocking
electrodeBecausef the wide ESWsolid electrolytes holdreat promiséor high
energy density batteries withigh columbicefficiency and long cycle life.
In this dissertation, we challenge the clainiV of solid electrolytes. The
conventionamethodto measure ESWrovides anoverestimated valueecausé¢he

kinetics of theelectrochemicatlecompositiomeaction is limited in the serlocking

electrode A novelexperimental methodsing LiI/SE/SE+carbocgell is proposed to



approaclthe intrinsic stability window of solid electrolygeThe ESWsof
Li10GeRS:2 (LGPS andLi;LasZr,012 (LLZO), the most promising SE for sulfide
and oxide electrolytes respectively, as@mined usig the novel experimental
metod. The results suggestat bothSEshave much narroweslectrochemical
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decomposition products for both electrolyégesalso characterized. The measured
stability windowandthe decompaition products agree well withe calculated
resultsfrom first principles. The reversible decompositisnf LGPSat both high and
low voltagesenabletherealization ofa batterynmade from a single material
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Suppressing the (electro)chemical readibetween iCo0O, cathodeand LLZO
electrolyteby engineering their interphaseabésa high performance atleramic
lithium battery. By taking advantage of the electrochemical mgosition ofSEs an
effective approach to suppressdendrite formation in sulfidelectrolyte is also

demonstrated
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Chaptlenrt rlooduct i on

1.1 AllFSolid-Sate Lithium lon Batteries

Lithium ion batteries (LIBs) with their high energy density have conquered the
market for the portable electronics and are being considered as the most promising
energy storage technology for electrghiclesand smart grid¢owever, packing a
lot of enegy into a small volume could also cause the safety conespegiallywith
the evetincreasingdemands for the energy density of LIBRmmercialized.IBs
are generally constructed using a graphite anode and a cathode based on transition
metal oxide, segrated by a membrane soaked with an organic liquid electrolyte (e.qg.
1M LiPFs in EC/DMC), as shown iffigure 1.1 The safety issues are mainly related
to the volatile and flammable liquid electrolyte which will cause fires or explosions if
the battery isvorking under abuse conditions such as akarge and oveneating.

All -solid-state lithiumion batteries (ASSLIBs) are being considered as the ultimate
solution for the safety issubgcausehe replacement dhevolatile and flammable
liquid electrolyt with nonflammable inorganic solid electrolyte could essentially
improve the safety of the battery. In addition to that, ASSLIBs also have great
potentials to use lithium metal anode (Figur® because the dense, rigid solid
electrolyte could help to ppress the lithium dendrite formatioFhe utilization of

lithium metal anode can largely improve the energy density of battery, and a recent
report also show that the energy density okalld-state batteries can be higher than

that of the conventiondiquid-electrolyte batteries when Li metalisedas anodé.
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Figure 1.1 Schematic illustration of the conventional ligtgtectrolyte lithium

battery andulk-typeall-solid-state lithium battery

All -solid-state lithium ion batteries can be generally divided intodategories

thin-film battery and bulkype batteryFigure 1.2shows the crossection SEM of

these two types of afiolid-state batterie? The thinfilm micro-battery (total

thickness ~1%8 mhprepared byaccumdeposition(pulsed laser deposition,

magnetrorsputtering, or chemical vapor depositioeghniqueshave been wel

developed in the padecadeDespite theexcellentcycle stability,thelimited stored

energy (<10@ A h /%) cestrictsits application only in thenicroelectronic devices

Bulk-type solidstatebatteriesaremoredesired for largescale energy storageich as

in electricvehiclesand smart gridsA threephasecompositgsolid electrolyte, active

material and ekéctroconductive additivegy usually required for ththick electrode

in a bulktypeall-solid-state lithium ion battery.



a)Li
Lipon

™ X

’\ cathode

- A ) a\u‘m‘i;:l

Figure 1.2 CrosssectionSEM images of the thifilm type (a)and bulktype (b)all-

solid-state lithiumion batteries>*

1.2 SolidElectrolytes

As one ofthemost important components in-ablid-state lithium iorbatteries,
solid electrolytes have attracted significant research int&iestlar to an organic
liquid electrolyte, a solid electrolyte has also to satsfyeralkritical requirements:
(1) high Li ionic conductivity of >19 S/cm (2) low electronic conductivity(3)
electrochemicahndchemical compatibility with the anode and cathadd so on. A
detaileddescription about the requirements for an ideal solid electrolyte regarding its
application in an alkolid-state battery is shown Figure 1.3° A varietyof materials
with either crystalline or amorphous structure have been reported aslsotidlytes

for lithium ion batteries.
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Fgiure 1.3Radar Diagranshowingthe requirements for an ideal solid electrolyte and
the qualitativeattributesof three inorganic solid electrolytes (LIPON, LGPS and Li

garnet)’

Table 11 summarizes the room temperature ionic conductivity and activation
energy of the common inorganic solid electrolytes which are generally classified to
oxides and sulfides depending on their anion speSidfide based solid electrolytes
can show high reaigity in humid air,forming toxic H,S gas, and therefore the
fabricationand processing have to be done under inert atmosphere. Although most of
oxide-based electrolytes seem to be stable in air, the redmioreen_LZO and
H,O/CO, in humid air leads ttheformationof Li,COs.6 The formation of LIiCO;
can decrease the ionic conductivity of LLZO and increasetbdacialresistance
between LLZO and Li metal anod&ulfide based solidlectrolytesare compliant
particles with a low Youn® modulus, with allows to form a good contact with

electrode by a simple cold prédisut shows a low fracture toughness compared to



oxideelectrolytes’ Oxide-based soliglectrolytes aregenerally hard particles, and

therefore higitemperature sintering is usually required to ensure sufficient contact

area and to achieve dense layers. Sulfide electrolytes can have higher ionic

conductivities than oxide electrolytes, butdarnet oxide isnoreelectrochemicdy

stable than sulfide¥.Because ofhedistinct differences between sulfide and oxide

electrolytes, different approaches should be used when designsulidttate

lithium ion batteries with these solid electrolytes.

Table 11 Summary of inorganic solidlectrolytes for atsolid-state lithium ion

batteries
Classes Solid electrolytes OrT Ea(eV) Reference
(mS/cm)

Lil -Al ,04 0.26 0.42 H

LiPON-Li,PON 0.003 0.57 12

PerovskitelLig 33d.ag ssTiO3 1 0.4 13

Oxides LISICON-Li14ZnGeO1s 0.001 0.40.6 14

NASICON-Li Al o.3Ti1 APOy)3 3 0.35 s

GarnetLi;LagZr,01» 1 0.35 16

AntiperovskiteLi;OCI 0.2 0.35 v

b-LisPS 0.16 0.36 18

Li,S-P,Ss glassceramic 2.1 0.15 ;Z

) Argyrodite-LigPSCI 0.2-0.7 0.30.4

Sulfides Lis 25 260,255 2.2 0.21 2

Li10GeRS:, 12 0.27 22

Lig.645h.74P1.445511.1Clo.3 25 0.24 23

As summarized in the table, major advances havedmeavedn increasing the

Li ionic conductivty of solid electrolytes. The staté-the-art solidelectrolyte

materials, such as dgarnetLi;LazZr,O,, (LLZO) for oxides and.i1(GeRS;2 (LGPS)

for sulfides have achieved an ionic conductivity of 16 10% S/cm whichis



comparable to commercial organic liquid electrolyte. After achieving adequate Li
ionic conductivity in the solid electrolyte materials, current research efforts turned to
enhancing the electrochemical stability of the solid electrolytes and chemical
compatibility between the solid electrolyte and electrodes; so that Li metal anode and

high-voltage cathodes can be enabled irsalid-state Ltion batteries.

1.3Interfacial Challenges inAll-Solid-Sate Lithiumlon Batteries

Al distribution

N

‘ Tetragonal
LLZO at the interface|

Chemical instability at the interface

C

After 1 cycle :
at 150 °C

—

Mechanical strain/stress generated at the interface

Figure 1.4 Different sources ohterfacialresistance between solid electrolyte and

solid electrode in alsolid-state lithium ion batterigd:°

The highly resistivénterfacewasmainly resuledfrom theinsufficient contact
between solid electrodes and solid electrobgeausehesolid elet¢rolytes are not
wettable and infiltrative like liquidsas can be seen lfigure 1.4 The poor
interfacial contact restricthefast transport of lithium ions and also decreases the

number of active sites for chargansfer reaction. Various attemgpig/e beemmade



to improve the interfacial contact bgducing theelectrode particlsize?” uniaxial or
dynamic pressing’?° moltensalt?*>!screerprinting** lattice matching®? andone
step spark plasma sintering methdd&However, only limited secess in enhancing
the power density has been achieved because a new interfacial phase layer with a high
resistancenight alsobe generated from thenwantecchemical reactiort§*® and
elementainter-diffusions®’ between the different electrode and alelgte materials
during either synthesis or the charge/discharge cyElesn worse,lte intimate initial
contact achieveth the fabrication an@r sinteringprocessnay even accelerate the
unwantecchemical reactiomand elementahter-diffusions.>**®In addition, the
spacechargédayers formed at the hetenaterface betweetheelectrode and
electrolytedue totheir electrochemical potential difference migti$o increase the
interfacialresistanc&®*°To minimizethese unwanteihterfacialinteractions
(chemical reactions, elemental intiffusions and spaeeharge layer formations),
intentionalsurfacecoatings with various materiaisicluding ionially

conductive®®*

electronially conductive,*? or even insulating layef$ on the
electrodes were also report@&kspite apparentmprovementsising the above
mentioned methods, the interfacial resistastderemairs too highandmay even
continuously increase with charge/discharge cy€l@he continuousncrease of the
interfacialresistance witltharge/discharge cyclesuld bemainly related to the high
strain/stresgieneratect the interfacdecausehelargevolume changes of the
electrodesdspeciallyfor the highcapacity electrodesjuring lithiation'delithiation

are highly constrained by the solid electroft&> Unfortunately, this problem gets

even worse for a thicker electrode that is desired for a high edergpjty battery.



Therefore, the exachechanisméor the highinterfacialresistance between solid

electrolyteand solid electrolyte are still poorly understood.

1.4 ElectrochemicaBtability Windowof Solid Electrolytes
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Figure 1.5The electrochemical stability window of BPFR.*®

Electrochemical stability window (ESW) is the voltage range between which the
susbstancdoes not get oxidized or reduced, i.e. inert within this range.
Experimentally, it is tested kyylinear sweep or cyclic voltammetry (CV). The
oxidation and reductioaf the substance can be represented by the current above and
below O A, respectively. The electrochemical stability window can be determined by
the voltage difference between the anodic lifai ] and cathodic limitkc,). For
exampleFigure 1.5shows the CV curve d¥P.4sPF;, and the green region indicates

the electrochemical stability window of this mateffal.



1.4.1 Conventionalinderstandings

(a) (b) (€) 100

[ ] ) ]
/ 50:
‘J‘

Solid
Electrolyte

Current (pnA)

Current (mA)

_3 1 . | ) 1 L -100-+— . TR
o 2 a 0 5 10
Voltage (V) (versus Li/Li*) Electric potenﬁa] (VS. Li‘”-.l)

Figure 1.6(a) The conventional cell to test the electrochemical stability window of
solid electrojtes. The electrochemical stability window of LGPS (b) and LLZO (c)

were determined to be wider than 3#/

To enable the highest voltage output of the ssiate battery by coupling a
lithium metal anode with a high voltage cathode material, a viely w
electrochemical stability window (0®.0 V) is desired for an ideal solid electrolyte.
The electrochemical stability window of solid electrolytes was commonly tested by a
linear sweep or cyclic voltammetry on the Li/solid electrolyte/inert metal electrode,
with the voltage starting from negative values to high voltage up to 10 V. Tested by
this method, very wide electrochemical stability windows of 0.0 to 5.0 V were
reported formany solidelectrolytesncludingLGPS and LLZG?*"as shown in
Figure 1.6. Despite this wide stability window, high performance &l&ss aHsolid-
state batteriebased on LGPS and LLZ€&lectrolytes haveot been reported. As a
matter of fact, the performances ofsdllid-state lithium ion batteries with a voltage
< 5V based on these solid electrolytes are far worse than that based on the liquid

electrolyte eventhough these solid electrolytes hamsomparable ionic conductivity



with the liquid electrolyte. Therefore, high resistance persists at the
electrode/electrolyte interface, limiting the performance improvewieal-solid-

state batteries.

1.4.2 Inconsisentresuls in the published literature

LS Li,GeS, Li,S S
X L'i3PS4 P255
'4P556 ::4:9
: Ge Ge P.S,
Li, Ge; 4>3

(a) e (D) » (C)

Figure 1.7 Phase evolution of the {Ge-P-S system as a function of voltage at 0 V

(@), 1.8 V (b), and 2.5 V (¢}

Recentstudies have challergthe claimed stability of the solid electrolyte
materials. For example, first principles computatictatly(Figure 1.7)*®
demonstratetdlGPS will be reduced into £$, LisP, and LisGe at 0 V, and will be
oxidized to S, B5s, and Gegat 2.5 V. These redts indicated a true electrochemical
window of the LGPSs significantly narrover thanthe 0.0i 5.0 V window obtained
using thesemiblocking electrode.

It is also shown that the color of the LLZO pellet will turn from white to black
after it was immerseihto molten Li?**°or cycled with Li metal anod&igure 1.8

shows the photos of the Mipped LLZO pellet after cycling with L The color

change of LLZO implies that LLZO is not stable with Li metal, and therefore the

10



electrochemical stability window of LLZO is not as wide as claimed from previous

experimental test.
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Figure 1.8Photos of the Ndsloped LLZO pellet after cycling with Li metal anotfe.

1.5Motivation andResearch Objective

The inconsistentesultsabovesuggest that the electrochemical window
measurements based on the sblocking electrodes significantly overestimated the
true electrochemical window governed by the intrinsic thermodynamics of the
material. The overestimated electrochemical stabilityobdl £lectrolytess caused
by the slow kineticef the decomposition reactiodsie tothe small contact area
between LGPS and currettllectors Because of the slow reaction kinetics, the
decomposition current is too small to be observed in the CV sspacially with the
presence of the huge Li deposition/dissolution pddksvever alarge amount of
carbon and solid electrolyte are mixedethemwith the active materidab formthe

electrode composite in the befipe altsolid-state batteryas showrin Figure 1.9

11



 Solid electrolyte (SE)

. Cathode matenal

0 Anode material

Conductive additives
™ (e carbon)

Figure 1.9 Schematic showing the electrode composites of-tydk allsolid-state

lithium ion batteries?

As a result, the reduction or oxidation kinetics of the solid electrolyte in the
composite electrode is significantigceleratethecause of the significantipcreased
contact area between the solid electrolyte and electronic conductive additiges
electrochemicastability window of the electrolyte in the carb@&tectrolyteactive
material electrode composite canbetproperly captured by the seiiniocking
electrodes, which may mnly moresuitable for the cell configurations in thiitim
solid-state battees Thereforea proper cell design is needecetluate the
electrochemical window of the solid electrolytehe bulktype allsolid-state
batteries.

More importantly, the limited stability of the solid electrolyte mateyitdsugh
still neglected by battery communityas significany restricted thgperformance of
all-solid-state Ltion batteries. At the @jing voltages beyond the stability window of

the solid electrolyte he decompositiorproductsof the solid electrolytevould form

12



as an interphasa the interfaces between solid electrolyte and electronic conductive
additives Depending on the propersi®f the decomposition productseinterphase
may lead to an increase in interfacesistanceanda decrease in the performance of
thebulk-type solidstatebattery.Unfortunately theinterfacialresistancearisingfrom
thedecompositiorof solid electrolyteiasbeen ignored so far due to the
overestimated stability window frothe semiblocking electrodemeasurements. The
intrinsic (true) electrochemical stability window of solid electrolytes is critical
understanding the origins bigh interfacial resistance in the btilpe solid-state Lt

ion batteriesHowever,only few theoretical studshave examined the

electrochemical stability of solid electrolytes, and no existing experimental technique
can measure the true stability windowthe solid electrolytes.

The objective of this proposal to test the hypothesis that the electrochemical
decomposition of solid electrolytes occurs and causes a high interfacial resistance
within bulk-type allsolid-state lithium ion batteries. Thégh interfacial resistance is
expected to significantly restrict the performance improvement-gbad-state
lithium batteries. The objective will be realized through combined computational and
experimental efforts: (1) first principles calculation loé thermodynamic
electrochemical stability window of solid electrolytes, (2) measurement of the
intrinsic electrochemical stability windowf solid electrolytes with a new
experimental methqd3) characterization of thdecompositiorproduct by Xray
phobelectron spectroscopfs) evaluation of the interfacial resistandeg tothe
decomposition of solid electrolytéy electrochemicaimpedance spectroscaop$p)

fabricationof a singlematerial battery, (6) interphasagineering towards a high
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voltageall-ceramic lithiumbattery.The combined computational and experimental
approach offer unprecedented fundamental information of the electrochemical
stability of solid electrolytes fahe development dfigh-performance alkolid-state

lithium batteries.

1.6 DissertationOverview

This dissertation consists of six chapters.

Chapter 1 gives an introduction aboutsalid-state lithiumion batteries and an
overview about the overestimated electrochemical stability window of solid
electrolytes.

Chapter 2 pesents the intrinsic electrochemical stabiimdowsof LGPS and
LLZO, which are the most promising solid electrolytes for sulfide and oxide,
respectively. The thermodynamic electrochemical stability windows of LGPS and
LLZO aredetermined by firsprinciples calculation. A novel experimental approach
using Li/SE/SE+C celk also proposed to measure the intrinsic stability window of
solid electrolytes. The compositions of the decomposition products are also
determined by XPS. Ehrelation between the limited electrochemical stability of
solid electrolytes and the interfacial resistance is also disculsedontent in this
chapter has been publishiedAdvanced Energy Materigaf®

Chapter3 presents a proof of concept for a $aamaterial battery by taking
advantage of the reversible electrochemical decompositions of LGPS at both high and
low voltages. The electrochemical performances of LGPS as a cathode and an anode
aretested with liquid electrolyte and LGPS electrolyte. Téraarkable improvement

on the interfacial behavior by using a single material as cathode, electrolyte and
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anode is also discussékhe content in this chapter has beeiblishedn Advanced
Materials>®

Chapter 4 presents an effective approach to suppresantedelectrgchemical
reaction between LLZO electrolyte and LCO cathode by interphase engindering.
all-ceramic cathodelectrolyte withanextremdy low interfacial resistancis realized
by thermally solderingg CO and LLZOtogether with thei;3xCo 74xBo.3xO3 solid
electrolyteinterphasehrough the reaction betwe#me Li, 3Co /B 303 solder andhe
Li,COslayers thatanbe conformdly coatedon both LLZO and_CO. Theall-solid-
stateLi/LLZO/LCO battery with suctan allceramic cathodelectrolyteexhibits
great cycling stability and high rate performantiee content in this chapter has been
publishedon Joule®*

Chapter 5 presents a viable approach to suppress lithium dendrite formation in
sulfide electrolytes by tuning the composition of the interphase between Li metal and
solid electrolyteWe demonstrate that the incorporation of Lil into theS-P,Ss
glass etctrolytes can effectively improve the dendrite suppression capaaiiiighe
70(0.75LpS-0.25RSs)-30Lil (LPS30I)electrolyteexhibits the highest capability for
dendrite suppressioithe mechanisms for the enhanced dendrite suppression
capability are Bo discussedl'he content in this chapter has been published on
Advanced Energy Materiafs

Finally, we conclude in Chapter 6 with the main contributions of this dissertation

and potential topics for future studies of this dissertation.
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Li7La32r201 2

2.1 Introduction

In this study, we challenge the claimed stability of the solid electrolyte materials
and theuse ofsemiblock electrodelesign forevaluaing the electrochemical window
for solid electrolyte materialsSThe most promisingolid electrolytesl.i;(GeRS;, and
cubicLi-garnet LyLagZr,01,, were chosen as the modehterialsfor sulfide and
oxide solid electrolytes, respectivehirst principles calculations were performed to
obtainthe intrinsic thermodynamic electrochemical stability windatvnew
Li/electrolyte/electrolytecarbon cell was proposéd replace current Li/electrolyte/Pt
semiblacking electrodéor the measurement die true electrochemical stability
window of solid egctrolytes. Thefirst principlescomputatiorandexperimenrdl
resultsare in good agreememmdicatingthatboth of theseolid electrolyte materials
have narrower electrochemical window than whaspreviouslyclaimed.The
understanding of the intrinstbermodynamics about the solid electrolyte materials at
different voltagesluring the battery cycling provides invaluable guidance for the

development of the bulype allsolid-state battery.
2.2 Experimental

2.2.1 Mateial synthesis

Polycrystalline LisGeRS;, powder was prepared with the same method reported

elsewheré? A Ta-dopedcubic garnet compound with the composition of
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Lig7sLasZry 75T a0 25012 was prepared through solid state reaction. Starting materials of
LiOH-H,0 (99.995%, Sigma Aldrich), La(OKl}99.9%, Sigma Aldrich), Zr®

(99.99%, Sigma Aldrich), T®s (99.99%, Sigma Aldrich), were weighed and mixed
based on the stoichiometric ratio. 10% excess LiQB-Was used to compensate the

Li loss during hightemperature calcinations and sintering. The mixture was ball
milled (PM 100, Retsch) in-gropanol for 24 hours with zirconia balls in a zirconia
vial, and then dried, heated in air at 950 °C for 12 houre.b&ltmilling and heating
were repeated once to enhance purity. The collected powder samples were pressed
into pellets under isostatic pressure (120 MPa). The pellet was fully covered with
powder with the same composition and sintered in air at 1230r°C2fhoursn a

MgO crucible Theresidual powder samples weransferredo the Ar-filled

glovebox to protect its slow reaction with theQ4CQO; in air. For the preparation of

the carborcoated LLZO particles, the gsepared LLZO powder was grinded nigia
high-energy vibrating mill (SPEX SamplePrep* 8000M Mixer/Mill) for 1 hour (to
reduce its particle size), dispersed into a solutigmodfvinylpyrrlidone(10 wt. % in
ethanol), and then vigorously stirred for 30 minutes. The product was then dried and

sintered at 700 °C for 1 hour in argon flow to enable carbon coating.

2.2.2 Materiacharacterization

Powder xray diffraction patterns were obtained with a D8 Advance with
LynxEye and Sol X (Bruker AXS, WI, USA)
morphologies othe sample were examined using a Hitachi ar®Uield-emission
scanning electron microscope and JEOL 2100F field emission transmission electron

microscope (TEM). The surface chemistry of the samples was examineddyy X
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photoelectron spectroscopy (XPSjng a Kratos Axis 165 spectrometer. To prepare
the sample for XPS test, LLZO electrodes were charged or discharged to a certain
voltage in a liquid electrolyte using a Swagelok cell, and held at that voltage for 24
hours. The electrodes were then takehfmm the cell, and rinsed by dimethyl
carbonate (DMC) inside the glove box for three times. All samples were dried under
vacuum overnight, placed in a sealed bag, and then transferred into the XPS chamber
under inert conditions in a nitrogditied glove bag. Ai" sputtering was performed

for 2 hours (0.5 hour per stepitil the carborandbr SEI layer on the surface of the
LLZO electrodesareremovel. XPS data were collected using a monochromated Al

K U -ray source (1486.7 eV). The working pressure efdhamber was lower than

6.6 x 10° Pa. All reported binding energy values are calibrated to the C 1s peak at

284.8 eV.

2.2.3Electrochemistry

120 mg LGPS powder was pressed into a pellet (diameter 13 mm; thickness 2
mm) under isostatic pressure (120 MPaan Ar atmosphere. It was then sputtered
with Pt on one side and attached with Li metal on the other side to make the
Li/LGPS/Pt cell. To make the LI/LGPS/LGRScell, 10 mg LGP powder (LGPS:
graphiteis 75:25 in weight) was put on the top of 120 IS5powder and then cold
pressed together under 360 MPa, while Li metal was attached on the other side of
LGPS pellet. The cyclic voltammograms of the LiI/LGPS/Pt and LI/LGPS/-GPS
cells were measured withsaan rate of 0.1 m¥". The LLZO electrodes were
prepared by mixing the carbawated LLZO and carbon black (weight ratio of

carboncoated LLZO to carbon ¥0:60) by handgrinding in the mortar, and mixing
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with 10 wt.% polyvinylidene fluoride (PVDF) andmethylpyrrolidinone (NMP) to
make the electrode slurry. The electrodes were prepared by casting the electrode
slurry onto copper or aluminum foils and dried at 120 °C overnight. The loading of
the active meerial on each electrode is about 1 mg. The charge/discharge tests of the
LLZO electrodes were carried out@wagelok cellaising Li metal as the counter
electrode and 1M LiRFn a mixed solvent oFEC, HFE, andFEMC (volume ratio is
2:6:2)as the liquicklectrolyte. To make the LI/LLZO/LLZ& cell for the
electrochemical stability window test, the LLZO electrode slurry was coated on the
top surface of LLZO pellet, dried at 120 °C overnight, and then sputtered with Pt to
improve the electrical contact. #&f that, Li metal was attached on the other side of
the pellet and cured at 200 °C to enhance the interfacial contact between Li and
LLZO. The cyclic voltammogram of the LI/LLZO/LLZ& cell was teted with a

scan rate of 0.01 m¥*. The charge/dischardeehavior was tested using an Arbin
BT2000 workstation at room temperature. The cyclic voltammetry measurements

were carried on an electrochemistry workstation (Solartron 1287/1260).

2.2.4First principlescomputationmethods

All density functional theory[§FT) calculations in the work were performed
using the Vienndb initio Simulation Package (VASP) within the projector
augmentedvave approach, and the Perd@&urke Ernzerhof (PBE) generalized
gradient approximation (GGA) functional was used. The DFT petenswere
consistent with the parameters useMaterials ProjectMP)*®. The crystal
structures of LGP&ndLLZO were obtained from the ICSD database and ordered

usingpymatgenf the material has disordering sites. The electrochemical stability of
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thesolid electrolyte materials was studied using the grand potential phase diagrams,
constructed usingymatgef?, which identify the phase equilibria of the mateirial
equilibrium with an opening Li reservoir of Li chemical potential As in the

previows studie$?*’

the applied potential was considered in the Li chemical
potential’ as
%0 ‘Q %o

where' is the chemical potential of Li metal, and the potential referenced to Li
metal.

2.3 Results and Discussion

2.3.1Electrochemical stability of LiGeRS;,

Lithium sulfidebased solid electrolytesxhibit high ionic conductivitylow grain
boundary resistancand theexcellentmechanicaproperty which allows forming a
good interfacial contact with the electrdale cold-pressing without high temperature
sintering?®>® In this studyLi;0GeRS:, (LGPS)is chosen aatypical exampleof
sulfide electrolyte. LGPSwas reported to hawbe highest roortemperature ionic
conductivity €102 Scmi*)*? among all solicelectrolytematerias anda wide
Aapparent 0 el ectr oc he-hi0V¥determised bylcyclici t y wi ndo

voltammetry of a Li/LGPS/Pt serbiock electrodé?
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Figure 2.1 The first principles calculation results for the voltage profile and phase

equilibria of LGPS solid electrolyte upon lithiation and delithiation.

However, thdirst principles computationsingLi grand potential phase diagram
demonstratethatthe intrinsic stability window is much narrower tha0 - 5.0 V.8
The Li grand potential phase diagram identifiespthase equilibriat different
potentias and the most thermodynamically favorable reactions at the given potential,
assuming the full thermodynamic equilibrium and no kinetic limitation in the reaction
ard transportationThe same computation schehes beemisedin the calculations
of voltages and reaction energies in the lithiation/delithiation of battery materials
Figure 2.1shows the calculated voltage profiendphasesquilibriaof LGPS upon
lithiation and delithiationconfirmingthat LGPS haa much narrower
electrochemical windowhan 50 V.?* The reduction of the LGPS starts atllV7,
where LGPSs lithiated and turns intai,GeS, P, and LiS. With further decrease of

the mtential, there arewltiple thermodynamic voltage plateacmrespondingo the
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Li-P and LiGe alloying processagon lithiation Our calculations predicted the
reduction products of LGPS beLi,S, Li;sGey, LisP at 0 V,which have been
confirmed by the experimental result€n the other handhe oxidization of the
LGPSto LisPS, S, and GesSstarts at only 2.1%¥, and the formedLizPS,; is further
oxidized ino S and BSs at2.31 V. In summary our calculation results have shown

thatthe LGPS has a limited electrochemistlbility window from 1.7 to 2.1 V.

(@), (b)

Li/LGPS/Pt | LilLGPS/Pt

Current (MA)

'24 T T T T T T —16 T T T T
0 05 10 15 20 25 2.0 2.5 3.0 3.5 4.0
Voltage / V vs. Li/Li* Voltage / V vs. Li/Li*

Figure 2.2 Potential sweep of the Li/LGPS/Pt sebtbcking electrode at a scan rate

of 0.1 mV/s in the voltage range of @& V (a) and 2.8..0 V (b).

The cyclic voltammetryCV) was used to experimentaliyaluatehe
electrochemical stability of LGR®singthe conventional Li/LGPS/Pt senrfilocking
electrodgvoltage range:0.6 to 50 V), the decompositionurrentwithin the voltage
window of 00 to 5.0 Vcannot be obserddrom the CV of LGPS?***The fiwided
electrochemical stability window of 0-(.0 Vis because thdecompositiorcurrent
is very small and isinderestimated by the huge Li deposition/dissolution pEaks.
avoid the huge Li deposition/dissolution peakeconventional Li/LGPS/Pt semi

blocking electrode was scanneithin restricted voltage windows (0-@.5V and
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2.5- 4.0 V). As shown inFigure 2.2, apparenturrent due to the decompositioh
LGPS could belearlyobserved in the linear scantbk Li/LGPS/Pt although the
reaction current istll verylow due tothelimited interfacial contact between LGPS
and Pt in the LI/LGPS/Pt celh this regard, w propose novel experimental method
to measure thelectrochemicastability window of LGPS ugsg a LI/LGPS/LGPS
C/Pt cell.A large amount otarbon(graphite, KS4) wasmixed into LGPSweight
ratio of LGPS to carbon is 75:pt form the electrode. The increased contact
between LGPS and carbon would significantly improve the kinetittgeof
deconposition reaction due to the facile electron transport as well asgi@cantly
increased active area for chattgensfer reactionThus, the intrinsic stability window
of LGPSis expected teobtainedirom the CV scan othe LI/LGPS/LGPSC/Pt

cell. Since theelectrochemicatlecomposition and the lithiation/delithiation of the
LGPS are essentially the sapr@cesdut described from two different perspectives
the reversible@lecompositiorof LGPSelectrolytehad been demonstrated using the

sameLi/LGPS/LGPSC/Pt cellin the supportingnformationin Figure 2.3.

(a) 04— (b) 0.3 (c)0.45
Li/LGPS/Pt Li/LGPS/LGPS+C Li/LGPS/LGPS+C
ol  ~— i 0.30
<<
<
E -04- g Eo.151
- =-0.31 =
2 5 :
5 -0.8 £ 3 0
© S.06 °
-1.24 0.15
-0.9 1
-1.6 T T T T T T T T T T T -0.30+— T T T T T
10 1 2 3 4 5 00 05 10 15 20 25 10 15 20 25 30 35
Voltage / V vs. Li/Li* Voltage / V vs. Li/Li* Voltage / V vs. Li/Li*

Figure 2.3Electrochemicastability windows of LGP3$neasuredrom the

Li/LGPS/Pt cell (a) and the LI/LGPS/LGPS+C cell (b and c).
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The result indicates that the reduction of LGPS starts7a¥ while the oxidation
of LGPS starts at 2.1 \his electrochemicabehavioragrees very well with the
computational resudt andoothcomputationalbnd experimental resulisdicatethe
true electrochemical stability window of 1.7 to 2/Tor LGPS Additionally, he
oxidationof S at highpotentiat and thdormationof Li-Ge and LiP alloys at the low
potentialswere also confirmed by the-bay photoelectron spectrurasults® The
main function ofcartonin the LGPSC composite is to increase the electronic
conductivity of LGPS so that the decomposition kinetics could be improved. In this

regard,carbonis not the only option fothe electroniecconductiveadditive

(a) (b)

0.2 Li/LGPS/LGPS-Pt/Pt Li/LGPS/LGPS-Pt/Pt

0_ .......................
< ] , 1
= -0.21 " Reduction E

c p 4]

@ £
S 041 S_

-0.61

-0.8 T T T T T T T \V/I T T T T
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Voltage / V vs. Li/Li* Voltage / V vs. Li/Li*

Figure 2.4 Cyclic voltammetry of LiI/LGPS/LGP®t/Pt semblocking

electrodeat ascan rateof 0.1 mV/sin the voltage range of-R.0 V (a) and

1.03.5 V (b).

To exclude the potential interactions between carbon and LGPS, we replaced
carbonwith the inert metal powadPt black), i.e. 25 wt. % Pt black and mixed Pt
with LGPS to form the LGP®t composite electrode. The CV curves of the

Li/LGPS/LGPSPt/Pt cell are shown iRigure 2.4. Both the oxidation and reduction
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peaks could be observed at similar voltages in Me@ves of the LI/ILGPS/LGRS
C/Pt cell. The resulinpliesthat the redox peakn LI/LGPS/LGPSC/Pt cell is not
induced by the reaction betweearbonand LGPS but the decomposition of LGPS
itself. These resultdemonstrate that the thermodynamic electrochemisglbility
window of LGPScanbe accurately calculated using @amputatiorschemeand
that LIILGPSLGPSC/Ptcell can be used to measure the true electrochemical
stability of LGPS

Therefore, our proposedethodof measuring the electrochemical stability of the
electrolyte in Li/electrolyte/electrol\®€ cellis demonstrated to obtainh e At r ue o0
electrochemicastability windowbased on the intrinsic thermodynamicgha solid
electrolytecalculated using the firprinciples computation. The
Li/electrolyte/electrolyteC cell provides improved kinetiéeom large and continuous
physical contacts between solid electrolyte and carbéactitate the
thermodynamically favorabl@ecompositiomeactionsof the solid dectrolyteThe
kineticsof these reactions is limited in tsemtblocking electrode, which yields
overestimated electrochemical stability. Moreover, the usieeof
Li/electrolyte/electrolyteC cellmimics the cell configuration in the butipe solid
stak batteryand represents the real microstructural architectures in thessatel
electrode composite, where carbon and solid electrolyte are mixed with the active
material

In addition, wecalculatel the electrochemical stability othersulfide
electolytes, suchak | Gg By SgL P $L jGe SL IP SClandL jP,Syl,

using he same&omputatiorschemé? Thethermodynamically intrinsic
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electrochemical stability windows and the decompospioaise equilibridveyond

their stability windowarevery similar to those of LGRS he cathodiclimit is around

1.6- 1.7V for the reduction of Ge or €ontained in theulfide electrolytes, and the
anodiclimit is usually around 2.12.3V corresponding téhe oxidizationof S.

Doping halogen elements, such as Cl and I, into the materials increases the anodic
limit.®*® The results indicate th&tenarrow electrochemical stability window is

originated from the reduction of P/Ge and the oxidization of S.

2.3.2 Electrochemicaltability of LizLagZr,0;2

Despitethe high ionic conductivity, most ofthesulfide electrolytes are sensitive
to moistureand/or oxygerin the ambient environmenthe oxidebased slid
electrolytes, which have better stability in athereforeattractalot of interestsin
particular cubic Listuffed garnei.e. Li;LagZr,0;,) reported with a wide
electrochemical stability window of 0-6.0 V*"**and a high ionic conductivity of
10*- 10 Scm?,®is considereds one of thenost promising oxide solid
electrolytes. In this sectionthe same research methodology wapplied to study the
electrochemical stability window of lithium oxidesed solid electrolyte, especially

LLZO.
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Figure 2.5 The first principles calculatioresults for the voltage profile of LLZO

solid electrolyte upon lithiation and delithiation.

The voltage profile of LLZO upon lithiation/delithiation and the detailed phase
equilibria of LLZO at different voltageserecalculatedusing thefirst principles
method(Figure 2.5). The results showhatthe thermodynamic electrochemical
stability window of LLZO is also smaller than the reported valu@ @f 6.0V.*" The
oxidation decomposition dfLZO occus at as low as 2.91 Yo formLi,0O,,

LisZr,0;, andLayO3. As the voltage increases above 3.3 Yis@eneratedrom the
oxidation of LpO, (Figure2.5). LLZO is lithiated and reduced intd ;0, Zr30, and
La,O3 atbelow0.05V, andZr;O maybe furtherreducednto Zr metalatbelow 0.@4
V (Figure2.5). Thethermodynamicesuls based on the energetics of DFT
calculationgndicate LLZO is not thermodynamically stalalgainst_i metal.
However, hereduction potentiabf LLZO (0.05 V) is very close to Li metal

deposition potentigl0 V), thethermodynamidriving forcefor thereduction is very
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small. Sinceghese values of energy and voltage (0.904or the further reduction of
Zr30 are as small as the potential errors of typical DFT calculations and the
approximations in our calculation scheme, the egat#ntial to reduce 20 into Zr
may be below or above\d. However, if the potential is significantly lower than 0 V,
the formation of Zr would be thermodynamically favorable.

In addition, we also evaluated the electrochemical stability of the garas¢ph
doped by the cation dopants, such as Ta, Nb, andiakil¢ 2.1-2.3), which are
commonly applied to stabilize the cubic phase of LLZO and to increase the Li ionic
conductivity. The calculations indicate tlagmall amount oflopants, such as Ta,

Al, Nb, which may have be reducedaatlightly higher reduction potentialpes not
have a large effect on the reduction/oxidation ofithgtelements in LLZQTable
2.1-2.3). At 0.0V, the doped catisiTa and Nb are reduced into metallic states, and
Al is reduced into ZAl alloys. Considering the low amount of dopants in LLZO, the
effects of dopants on the stability window are small. Given the low reduction
potentialsfor the garnet reduction, tlgoodstability of the garnet LLZOnay be
explained by the fenation of surface passivati@fterdecomposition, such as,0,
La,Os, and other oxidedn addition, the formation of LCO; surface layers due to
reaction of LLZO withthe HO/CGO; in the air mayalso helpgpassivating the

LLZO.5%® These results mayexplain why LLZO was widelpbservedo be stable

with Li at room temperature imanystudies®*®’
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Table 2.1Phase equilibriaof ad o pe d L¢ EZ82 1 (T4 @5)upon

lithiation/delithiation at different voltages

POtEir/‘It_iialL [\r;]ef. to Bu éﬁ'ji Eg\'/-]i i Do Phase equilibria
0.004 -0.004 8.25 Li,0O, La0s, Zr, Ta
0.05 -0.05 7.083 Li,0O, Zr0, La03, Ta
0.35 -0.35 1.25 Li,O, LigZr,0;, La,0Os, Ta

0 Lig.7sL@3Zr1 75T 8025012

2.91 -2.91 -0.125 Li,0O,, LigZr,0y, LisTaGs, LayOs
3.11 -3.11 -0.375 Li,»0,, LagZr,0;, LisTaO,, LayOs
3.17 -3.17 -3 Li»O,, La,Zr,0y, LizTaO,, La,Os
3.24 -3.24 -3.375 Li»O,, La,Zr,0, La,Os, LasTal,
3.3 -3.3 -6.75 0O,, LasTal,, LapZr,Oy, LaOs

Table 2.2Phase equilibriadll bd o p e d

lithiation/delithiation at different voltages

(LLLiZ82 1 Md3 @5)upon

Potential ref.to ¢ ref. to Li qny; per Phase equilibria
Li/Li ™ [V] metal [eV] formula

0.004 -0.004 8.25 Li,O, La0s, Zr, Nb

0.05 -0.05 7.083 Li 0, Zr0, La0s, Nb
0.55 -0.55 1.25 Li 0, LigZr,0;, La,Os, Nb
0.62 -0.62 0.5 LINbO,, LigZr,0;, LaOs, Li,O

0 LigzsLagZry 7NIp 25012

2.91 -2.91 -0.25 Li,O,, LigNb,Oqg, LigZr,0;, LaO3
3.16 -3.16 -0.375 Li,O,, LizNbO,, LagZr,0;, LaO3
3.17 -3.17 -3 Li,O,, LizNbO,, LapZr,0;, La,03
3.29 -3.29 -3.375 Li,0O,, LagNbO;, LapZr,0;, La,Os
3.3 -3.3 -6.75 0O,, LagNbO;, LapZr,0;, La,Os
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Table 2.3Phase equilibriacAld o p e d

lithiation/delithiation at different voltages

Lel B8 5A bl. @4 ) upon

Potential- ref. e ref. to Li gy per Phase equilibria

to Li/Li" [V] metal [eV] formula
0.004 -0.004 8.72 Li,O, La0s, Zr, ZrAl
0.05 -0.05 7.87 Li,0, Zr,0, LaOs, ZrAl
0.06 -0.06 3.6 Li,0, LigZr,0;, LaOs, ZrAl
0.12 -0.12 2 Li,0, LigZr,0O;, LaOs, ZrAl3
0.125 -0.125 1.36 Li,0, LigZr,0;, LaOs, ZrAl3
0.133 -0.135 1.2 Li,0, LigZr,0O;, LaeOs, ZrAl,
0.28 -0.28 0.4 LisAlOg, LigZr,0;, LaOs, ZrAl,

0 Lig.od-asZrAl 2401,

3.04 -3.04 -0.02 Li,O,, LIAIO,, LigZr,0;, LapOs
3.17 -3.17 -3.02 Li,O,, LIAIO ,, LapZr,0;, LaOs
3.27 -3.27 -3.14 Li,O,, LaAl O, LapZr,0;, LaOs
3.30 -3.30 -6.28 0O,, LajAl,0q, LapZr,0;, LaOs

TheCV of theLi/LLZO/LLZO -C/Ptcell was used to measure thkectrochemical

stability window of LLZO, which was doped withsanallamountof Ta tostabilize

the cubic phase of LLZ& To increase the contact area betweenLLZOand

carbon the asobtainedLLZO powder was grinded using a higinergy ball mill to

reduce its particle size belowelmand then a thitayer ofcarbonwascoatedon

LLZO, asshownin Figure 2.6.
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Figure 2.6 SEM images of the gsrepared LLZO (a), balhilled LLZO (b), and
carboncoated LLZO after balinilling (c). HRTEM image of the carbon coated

LLZO after baltmilling.

The carborcoated LLZO was then mixed with carbon blgalkeight ratio is
40:60) to makehe LLZO-C composite electrod@ll theseprocessewere done in an
Ar atmosphere to protect the LLZO from the slow reaction with #@/€0; in
air.>® The XRD test Figure 2.7) confirmed that thd_.LZO structure remaied after

grinding and carbowoating processg.
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Figure 2.7 XRD of the asprepared LLZO, balmilled LLZO, and carboitoated

LLZO after baltmilling.

ThesameZr 3d spectra of LLZO before and after carbon coafifigure 2.8)
indicates that LLZO is stable upon higgmperaturearbonizatiorprocess and no

apparentarbothermal reduction of Zr could be observed.

After Carbonization Zr 3d

Intensity (a.u.)

180 186 183 180 177 174
Binding energy (eV)

Figure 2.8 High resolution Zr 3d core XPS spectra of LLZO before and after

carbonization process.
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| Li/LLZO/LLZO+C/Pt —— 1st Cycle

2nd Cycle
< Oxidation
224 l

Voltage (V vs. Li/Li*)
Figure 2.9 Cyclic voltammetry oLi/LLZO/LLZO -C/Pt cell within the voltage range

of 2.6-10.0 V.

The thermodynamioxidationstability ofthe LLZO was examined by the CV
scan ofthe Li/LLZO/LLZO -C cellwithin the voltage range of 2i610.0 V. As can
be observed &ém Figure 2.9, theapparenbxidation ofLLZO startsat about 0V,
which is much lower than the reported vatié.0 V. The subsequentathodic scan
indicates he oxidation reaction is not reversible, and no oxidation peak can be
observed in the secomgcle The maximum current of5 ¢ Ain Figure2.9indicates
thatonly asmall amount of LLZQvasoxidized.It should also be noted that the small
oxidationcurrent could also come from the insufficient ionic conduction in the
LLZO-C composite because ife largeamountof carbon additives as well as the
large grain boundary resistance between Ligtticles A larger current would be
expected if a&ontinwus ionic pathwayhrough LLZOwas formed in the LLZEC
composite (e.g. from esintering of LLZO sdH electrolyte and LLZGC electrod®d.

The highewoltage (4.0 V)compared with the calculation result (2\) can be
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explained by the large owpotential for the oxidation of LLZQt should be noted
thatthe CV scan ofLi/LLZO/LLZO -C/Ptcell wastestedn an Arfilled glovebox and
similar resuls wereobtained when graphitgasusel as the electroniconductive
additive excluding theoxidation of carbomadditivesif LLZO is stable Since the
reductionpotentialof the LLZO at 0.05 V iwvery close to tle voltage of Li metal is
difficult to distinguish the reductioof LLZO from theLi deposition in the CV scan

andto quantify the reduction potentiaf LLZO.

(a) (b),
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Figure 2.10 (a) Charge curve of carbamated LLZO to 4.5 V using Li metal as
counter andeference electrode in liquid electrolyte. (b) Discharge curve of carbon

coated LLZO to 0 V using Li metal as counter and reference electrode.

X-ray photoelectrospectroscopyXPS)was used tadentify the reduction and
oxidation produd of LLZO beyondits stability window In order tancreasdahe
yields ofdecomposition produsfor characterizatiorthe LLZO-C composite
electrode was cycled against Li matah liquid electrolyte which provided faster
reaction kineticsA 5-V class liquid electroly, 1 M LiPF in a mixed solvent of

FEC, FEMC, and HFEvplumeratio is 2:6:2), was used to minimize the oxidation
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from the liquidelectrolyte The Li/LLZO half-cells were charged to 4.5 V or
discharged to 0 At a current density of 10 mg' andwerethen maintaineat the
voltages for 72 hours.The charge and discharge cuseéthe LLZO-C composite
electrods areprovidedin the Supporting InformatioriFigure 2.10). However it is
impossible to conclude trdecompositiorof the LLZO simply from the
charge/discharge curve of the LLZDelectrodean Figure2.10because carbon in the

LLZO-C electrodewill also reacts with lithium and SEI slsoformed on carbon.

(a) (b)
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Figure 2.11 (a) The XPS survey spectrum of the fresh and charged LLZO. The
atomicpercentage of O and Zr in the sample is obtained from the areasdr@ Zr
3d peak, respectively. (b) High resolution 2t &re XPS spectra of fresh and

dischargd LLZO. The curve fits were obtained using fixed spin split£3 3ds/, =

2.43 eV).

Table 2.4XPS analysigderived O and Zr elements atomic concerntrations.

Samples O conten{at. % Zr contenfat. %4 O/Zr Ratio
Fresh 6.64 0.87 7.6:1
Chargedto 4.5V 2.12 0.43 4.9:1
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Therefore XPS was used to charactertbe decompositiorof LLZO. Figure
2.11(a) shows the XPS survey of the fresh ahdrged_LZO electrodesThe atomic
percentages of the O and Zr derived from the surVaplé 2.4) indicates the atomic
ratio of O to Zr decreasdérom 7.6:1 to 4.9:1 after LLZO was charged to 4.5 V. It
should be noted that 2h Asputtering was performed on the surface of the charged
LLZO before collectinghe atomiacconcentratios of O andZr in order to completely
remove the surface layers caused bydideompositiorof theliquid electrolyteat a
high potentialThe complete removal of SEI after sputtering is confirmethbyXPS
spectra of C 1s of the LLZQ samples upon different sputtering timEgy(re 2.12.
Multiple peaks above 284d/ (carbon black) could be observed for the charged
LLZO before sputtering, indicating that several carbontaining species are present
at the surface. These carboontaining species are most likely attributed to the
decomposition products of the liquid electrolyte. However, after 1h sputtering, only
onepeak at 284.@V corresponding to the carbon black in the LL-BCelectrode
could be observed in the sample, which means that all the SEI species were removed.
One more hour sputtering was performed in order to completely remove the surface

layer.
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Figure 2.12 High resolution C 4core XPS spectra of the charged LLZO after

different sputtering times.

This result confirms that Qwvas released from the charged LLZO, which is
consistent with our computation result. Blovious binding energshift can be
obseved for Li, La, Zr, O elements after the LLZO was charged. On the other hand,
Figure2.11(b) compares thaigh-resolutionspectra of Zr 8 of LLZO electrodes at
the freshand dischargedtatesAll Zr 3d spectra exhibit a doublet withfixed
differenceof 2.43 eV because tie spin-split couplingbetween 8s,,and 3i3,. For
thefreshLLZO electrodetwo differentchemicalenvironmens of the Zr can be
observed. The main peak of Zis3 located at the 188 eV correspondso the Zr in

the cubic garne® while the side peak dhe Zr3ds, at the 9.7 eVmaybe ascribed

37



to theoxideimpurities(e.g.LaxZr,05) at the surface dhe samplethoughthe amount

of the impurities is too small toe detecteéh the XRD tesf®’°Both Zr peaks

remaired withtheincreasedelativeintensityof the side peak at 179.7 eV, after the
LLZO wasdischargedo 0 V. In addition, another peak at a lower binding energy of
178.2 eV also appears for the discharged LLZO. It is kninatvarious Zrsub

oxides existand thei binding energy will shift to a lower value as the oxidation state
of Zr decrease§' The increase aherelative intensity of side peak at 179.7 eV as
well as the appearance of a new peak at a lower binding energy (178.2 eV, ascribed to
Zr30 herein) cofirmed the reduction of Zin the dischargedLZO, whichagrees

with the calculation resulit should be noted théthe main peak at 181.8 eV of Zr

still remairedafter the LLZO was discharged to 0 iMdicaing that only the surface

of the LLZO wasbeingreducedandmost of LLZOwasstill stable. Nevertheless, our
resultsdemonstratethat theelectrochemicastability window of garneis not as

wide aspreviouslyreported and thereduction of Zr and thexidationof O contained

in LLZO occur beyond the stability window of LLZO.

Ourcomputation and experimental resydtevidea new mechanism fahe
shortcircuitingacross theé.i/LLZO/Li cell duringLi striping/plating tesat a high
overpotential“’ It was reported that the Li dendrite growth across the LLZO
electrolytelayer is responsible for the short circuiting of Li/LLZO/Li electrolyte cell.
However, the growth of soft, ductile Li dendrite through the hard, dense layer of the
LLZO is not understood. Hereie propose an alternative mechanism on the basis of
the reduction of LLZO at very large overpotentials. As a result of the cation

reduction, the formation of metallic states at the interfaces of theZ®© and of the
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LLZO grain boundaries facilitates tledectronic conduction at these interfaces. The
electronic conduction would facilitate the deposition of Li in the materials from the Li
electrode or the Li ions in the garnet materiaisaddition, the coloration of the
LLZO surfacefrom tan white to gnablackwasobserved after LLZO was immersed
in molten Li (300°C) for 168 hour$? We believe the coloration is related to the
reduction of Zrandor the dopant (Al) in LLZOTheundetected oxidation change of
Zr in their XPS resuff maybe causedy there-oxidation of the togsurface of the
sample stadin dry room, since the surface of Zr is very sensitive to oxygen and will
begraduallyoxidizedto ZrO, after long timeexplosionof air.”

The thermodynamic electrochemical stability wind@mslthe decomposition
phasesquilibriaat different voltagesf othercommonoxide solid electrolytewere
also calculate8® The oxide solid electrolytagenerally have a wider stability window
than sulfidesThe stability windowof oxide solid electrolyte varies significantly from
one material to anothdri-garnet LLZO has the lowest cathodic limit of 0.05 V,
suggesting the best resistance to reduction NA®ICON-type materials
Li13Alo3Ti1 APOy)s (LATP) andLiy sAl o sGer s(POy)s (LAGP), have the highest
reduction potential of 1.7 and 22 respectively, and also hattee highest
oxidization potential of 42 V. We found that the anodic limit of the electrolyte is
related with the oxidation of the O in the compouexseptfor LIPON. The
reduction of Ge, Ti, P, Zn and Al elements contained in the si@atrolytesis

generally responsible for the cathodic limit.
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2.3.3Discussion

Ouir first principle computation and experimentgults indicatell the solid
electrolytesespeciallysulfides, havean intrinsicallynarrowerelectrochemical
stabilitywindow than théi a p p a r e n bbbained iframdthee Winear scan of semi
blocking electrode. No solid electrolyte is thermodynamically stable over the wide
range from 0.0 to 5.0 V. Therefore, most electrdgie not stable within the cycling
voltage range of typical Lion battery celldased on the lithium anode and LiGoO
cathode. The main problem for operatthgsolid electrolytebeyond thdimited
thermodynamigtability windowis theformation of new interphases due to the
decompositiorat the active materialectrolyteand carborelectrolyte interfacesThe
decompositionnterphases, which likely have poorer Li ion conductivity than the
solid electrolyte, wouldmpede the Li transport between the solid electrolyte and the
active materials anhcreasehe interfacial resistanceh&refore, the performance of
thebulk-type solidstatebattery is greatly affected depending on the properties of the
decomposition interphases, such as ionic conductivity, electronic conductivity, and
electrochemical reversibility.

The most desired progers of the interphases are electrochemically irreversible,
highly ionic conducting but electronic insulating. The interphase with such properties
is essentially the solidlectrolyteinterphases (SEI), which kinetically inhibit further
decompositions ofddid electrolyte and extend the electrochemical windolne T
formationof the SEI layeris similar to that orthe graphiteelectrodan the
commercializd lithium ion batterywhichenabled the liquid electrolyte to be used

beyond its stability window>For example the decomposition produscofLi 0,
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LisN, andLisP formed atthe reductiorand lithiationof LIPON serve as an excellent
SE|,'® enabling itsstability with Li metal forextremelylong charge/discharggycles®
In addition,Li3N andLisP are good Li ionic conductor materials, which lower the
interfacial resistanc€ "®However it is more likely to have the interphase with lower
Li ionic conductivity tharthe original electrolytecausing highnterfacialresistance
at the interfaceEven worsethe interphase would be highly detrimentahe
decompositiorproducs have sufficient electronic conductivitin this casethe
decomposition ofhesolid electrolytavould continueinto thebulk of thesolid
electrolyte, eventually caung short circuiting of the batteryFor example, the well
known reduction of the LLTO is due tbehigh electronicconductivity of LLTO
afterthe reductiorof Ti at low potentials? The formation of metals at reduction,
which is typical forthe solid electrolytesontaining cations, such &e, Ti, Zn and
Al, prevents the formation of SElyers For such solid electrolyte materiads
artificial SEI layer is required to baterpolatedat the electrodelectrolyteinterface
to passivate #solid electrolyte antb suppress theecompositiorof the solid

electrolyte beyond its stability window.
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Figure 2.13EIS plots of the LI/LGPS/LGPE/Pt cell at different voltages

corresponding to the decompositsmf LGPS. (b d) areenlarged versins of (a, ¢) at

high frequenciesThe content of carbon in LGPS electrode is only 5 wt. % so that

statebattery.

the electrochemical behavior of LGPS in this cell will be similar as that in a real solid

In addition, it is highly undesired to haxeversible or partially reversible

decompositiomeactiors during lithiation/delithiationwhichmakesthe electrolyte

essentiallyanactive electrodé®® The decompositiorof the electrolyteat the

interfaces would redudéeelectrolytecontent in theelectrode composite, anklet
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repeated/olume changeduring the cycling may lead to the poor physical contacts at
the interfaces of the electrolyteéor examplethe oxidation products of sulfide
electrolytes at high voltages contain S, whichvegell-known cathode material in Li
S batteriesThe lithiation/delithiation of S at the interfaces of LG&8hode and
LGPScarbon interfaces generatelarge volume change of up to 180at the
interface® In addition,the changes of electrorémdionic condudwities in the
interphase upon lithiation/delithiatiomould alsoaffect the interfaciatesistanceand
performance of the solid state batteries during cycliing. EIS test of the
LI/LGPS/LGPSC cells at different voltagegigure 2.13 confirmed thabxidation
and reductiordecompositiorof LGPSwill increaseheinterfacialresistance of the
cells.

To avoidtheundesirable decompositions of the solid electrolytesstrategy is to
limit the voltageof the batteryto suppress the formation of detrint&in
decompositiorproducts For examplethe decompositiorof LLZO will be
intrinsically avoided if wause Li-In alloy as an anode (0.6 V) and S as a cathode (2.1
V). In addition, LiIn anodes widely used for theulfidesolid electrolyts, because
the Li-In alloying potential higher than timeduction of Gesuppressethe Li-Ge
alloying and further decompositions in the sulfide sel&ttrolytesHowever the use
of Li-In anodesignificantlydecreasgthe capacityandvoltageof the batteryAnother
strategy to extend the stability of the solid electrolyte is to apply the coating layers at
the electrolyteelectrode interfaces, since the choice of the materials is very limited to
simultaneouslyatisfyall batterycriteria(e.g. voltage, capacitgnd chenical

compatibility).?® For example, the artificial coating layer, such adis0;, and
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LiINbO3, has been applied at the interface between the sulfide solid electrolyte and
cathode materiaf§:3* These coating layers are found to suppress the interfacial
mutual diffusion and to reduce the interfacial resistance. In addition, thatfomof
Li,CO; on thesurface olLLZO after expaing to aif*®®can be considered as a SEI,
which protecs therediction of LLZO againstLi. At the anode side, Polyplus has
applied the coating layers to stabilize the LATP materials against Li metal ¥hode.
The above examplesiggestheformationand coatingf the SEHike layersis an
effective strategyo extend tk stability window othesolid electrolyteand to
improve the performance of tladl-solid-statebatteries

On the basis of our new understanding, we provide specific recommendations for
the engineeringf sulfides and oxides solid electrolyte materialghie altsolid-state
batteriesSince LGPShas dimited electrochemical stability window with a reduction
potential ofl.7 Vand an oxidization potential @1 V,the anode materials, such as
In, with the lithiation potential higher than-Ge alloyingis recommendedbr LGPS
electrolyteto avoidthe formation ofhighly electronicconductive LiGe alloys. The
problems of th&. GPSsolid electrolyte at the cathode sidehatthe oxidation
products, BPSs, S, and GeSare neitheelectronicnor ionic conductiveandthatthe
oxidation product $s electrochemically reversibie mixed with carbonTherefore,
applyingan artificial SEI layer issecommendedt the interface between thigh
voltagecathode and LGPS fwovide goodattery perdfrmancelLLZO has awider
electrochemical window thaoGPS In particular, LLZOholdsgreat promisgfor the
applicationwith lithium metal anoddyecauséhe stability of LLZO against Li metal

canbe easily circumvented by kinetic protecspgiventhevery small
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thermodynamic driving force for threductionof LLZO at 0 V.Such kinetic
protectionsshould be able teustainarge currentlensitiesandhigh temperatures
which would facilitate the Li reduction of LLZO, during the operatiothefLLZO-
based batteriest the cathode side, the stability of the LLZO may not be an issue as
the oxidatiorproducts consisting electronic insulatingZgO; and LaO3 can
provide good passivation. However, these decomposition phases are poor ionic
conductaes, which give rise to high interfacial resistance. Therefore, the application of
coating layers is also recommended between LLZO and the cathode to reduce
interfacial resistanc&heintroduction of Nb oxides at cathode interfaces is recently
demonstratetb effectively reduce the interfacial resistafic®

In addition to decomposition of the solid electrolyte at the interface with
electronic conductive materials (such as carbon), the interphase layer at the interface
between solid electrolytes andigetmaterials may also be formed due to the
chemical reaction in higtkemperature annealing process and the electrochemical
reaction in lithiation/delithiation process at room temperature in a real solid state
cells. Therefore, the thermodynamic electranloal stability and thermodynamic
thermal stability (if annealing process is required) of the solid electrolyte reacting
with active materials should also be calesed in the real cells. Mareer, the
reaction kinetics and passivation also affect therfate resistance in the real cells.
The particle size of solid electrolyte, the amount of carbon in the electaaytben
composite, the electronic conductivity of decomposition products, and the applied

current (or CV scan ratér the test will allaffectthe degree of thdecompositiorof
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solid electrolyteHowever, even a sliglitecompositiorof the solid electrolyte may

cause a hugeterfacialresistance in the real cell.

2.4 Conclusion

In summarythe thermodynamic stability windows addcompogion phase
equilibria of LGPS and LLZQverecalculatedusing the first principlecomputation
method. ALi/electrolyte/electrolytecarbon cell was proposedeplace current
Li/electrolyte/Pt semblocking electrode tobtain the intrinsic stability window of
thesolid electrolytesThe reduction andxidation ofboth LGPS andLZO are
confirmedby the new CV scans and tK®S results. The results indicate that both of
these two solid electrolytdmve significantlynarrower electrochemical window than
previously eported apparent window based on the daotking electrode
Thereforethe highinterfacialresistances arising from tlecompositiorof solid
electrolyteshould be addressed by stabilizing the solid elegedExtending the
stability window of the solid electrolytes throutite spontaneoudsrmationor
artificial application ofSEI layesis the keyto goodperformancef the bulktype alt

solid-state lithium ion batteries.
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ChaptAerBal ededrryor a Singl e Mater

3.1Introduction

All-solid-state lithiumion batteriefASSLIBs)are receiving intense interest for
energy storage systarbecause the replacementtloé volatile and flammableuid
electrolyt&® with norflammable inorganic solid electrolyte could essentially improve
the safety and reliability dhebattery®® The conventional ASSLIBs consist of three
distinct components: an anode, an electrolyte, and a cathode. In addition, current
collectors should alsbe used to ensure the electteamsporthrough the electrodes
and the externalircuit. The anode, cathodand electrolyte normally use three
different materials due tilve stringentifferentrequirement$or each component
The electrodes are expedt be reversibly lithiated/delithiated at a low potential
(anode) or a high potential (cathode) with good mixed electronic/ionic conductivities,
whereas thelectrolyte should have a wide electrochemical stability window with a
very high ionic conductivy but negligible electronic conductivityo develop a
highly-performed ASSLIB, two critical challenges have toolbercomepne isthe
high ionic resistance of the sokdiectrolyteandtheother is thdargeinterfacial
resistance between the solid étedes and solid electrolytBecause of the great
success in minimizing the solid electrolyte thickneased ora series of advanced
deposition techniques, thiilm ASSLIBs (total thickness-1 5 )aigimg low
conductivity solid electrolytelqPON with Ci~10° S/cr) have received extensive

research:®’ Despiteexcellentcycle stability, thdimited stored energgnd the
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expensive, multistefabricationprocesf thisthin-film batteryare still the main

obstacls towards their wide applications.

b

Li,GeP,S,,/C
Cathode T

Active Li,,GeP,S,,

Solid Electrolyte

Li, GeP,S,/C
Anode |

Figure 3.1Schematic diagrams of (a) a typical bi§fpe altsolid-state lithiumion

battery and (b) a singlei 10GeRS;; all-solid-state lithiumion battery.

Increasing the thickness of the electroded electrolytéo make the saalled
bulk-type ASSLIBs (Figure 3.1a)is highly desired for their widespread usetia
largescale energy storaggstems® However, theperformancs of this type of
battery, especially in terms of power density and cycle life, are too low for their
practical applications. This is because the increase in the thickness of the battery
would require a higlionic conductivity of the solid electrolyte ardvery low
interfacial resistance between the electrodes and electrolyte. Considerable efforts
have been focused on developing ygtonductive materialas solid
electrolyte>8%%! Eventhough the solid electrolyte with a comparable or a higher
ionic conductivity than théiquid electrolyte wasised, and moresolid electrolyte
(~50 wt.% compared with ~30 vol.% for liqualectrolyte LIBs) and a large amount

of electronicallyconductive additive (25 wt.% carbon for8&) were added in the
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composite eletrodes, the rate and cycling performances of the-typl& ASSLIBs
are still much lower than those of the licpgtéctrolyte LIBs with similar loading of
the electrode? Bulk-type ASSLIBsusing ductile sulfidelectrolytes (0,;>10° S/cm)
are only oper@d at very low current densitié$***and the ones using rigid oxide
electrolytes (e.g. garnégpe Li;LasZr,01, with 8,;>10* S/cm) can hardly even be
cycled because of the huge overpotentials during the ddagearge process
These results indatethat the interfacial resistance betwéleasolid electrodsand
solid electrolytas beconing the dominant kinetic limitatigrgiven the significantly
decreased resistance of the electrolyte layer by using highly conductive solid
electrolyte®™

To overcome the intrinsic limitati@of those aforementionedethodsanew
concepbf growing an electrode from an electroly&’ or growing an electrolyte
from an electrod® hasbeen reportetb achievantimateand stabilized interfacial
contact in theASSLIBs Forinstancea lithium metal anode could be-gitu formed
in thefiLi-freed thin-film ASSLIBs by electrochemical plating during the initial
charge’® and a MnQ cathodecould also be irsitu formed at the interface through
the reaction betweehe Li1+y+ Al Tio.ySixP3.xO12 electrolyte (OHARA sheet) and Mn
currentcollectorunder an external high driving force (16 V D.C. voltalfe).
Additionally, a solidelectrolyte of Lil @uld alsobe insitu formed at the negative
electrode/positive electrodeterface through the chemiagalaction of Li anodand b
cathode™ All of these insitu formed materials couRdcilitate the formation of a
good electrode/electrolyte interface with a low resistaHogever thein-situ

formedelectrode (or electrolyjenaterial isstill a different from the parent electrolyte
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(or electrode) materiathus the interface between electrode and electrolyte still exist
andthe stain/stress #teinterfacewill be generated during lithiation/delithaition
cycles. Idedl, the electrode and electrolyte should use the same matenétich
casethe inteface between electrolyte and electrode will be eliminated or at least
minimized to the level of internal electrode resistance (such as the internal interface
resistance of aonversion electrode where the metal npadicles are uniformly
distributed in the Lion conducting matrix). Although theell-known solid
electrolytesOHARA sheet and LiLay3«TiO3 (LLTO), can also serve as anodesiat

low potential due to the existce of Tt 7910

providing an ideal interface between
the anode and electrolyteo® OHARA and LLTO cannot serve as cathodes and
thereforea different cathode material is still required for a battery, which would lead
to a high resistive cathodegetrolyte interfaceTheFe doped LLTQLLFTO)
electrolyte haswo lithiation/delithiation potential plateaat 2.1 and 1.7 Wutthe
high electronic conductivity dfLFTO and low voltagéetween two plateays0.4
V) limit its application only foan ekctrochromic device thétas to beperated
under a constant voltagkle to high selflischarge raté’>***To the best of our
knowledgethere is no any single materighich could be used forll theelectrolyte,
anode and cathode fbrgh energyLi-ion batteries.

Herein, wereporteda novel high energy singlmaterial ASSLIB(Figure3.1b) to
address thaterfacialproblem whereinthe cathode, electrolytand anode were
made froma single material. The feasibility of using the highbnductive

Li10GeRS;, (LGPS) electrolyte as both a cathode and an anodenaiftarg with

electronicallyconductivecarbon allows us to use it as a moahaiterialfor the single
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material ASSLIB.It would be expectethat aperfectphysicalcontact betweethe
electrods ard electrolyte could batrinsically achievedthe unwanted interfacial
interactions could be avoided, and the strain/stress at the inteoiadebe alleviated.
As a result, a sugrior electrode/electrolyte interface widmextremely low resistance
could beachievedn the singleLGPS ASSLIB beneficialto ahigh-power, high

energy, and longycling all-solid-state batteryvith alow cost.
3.2 Experimental

3.2.1 Materiabynthesis

Li.oGeRS;, was prepared following the previous repSiti,S (SigmaAldrich,
99.98%), BSs (SigmaAldrich, 99%) and GeSMP Biomedicals LLC, 99.99%) were
used as starting materials. These materials were weighed in the molar ratio of
Li.S/R.S,/GeS = 5/1/1 in arargon Ar)-filled glove box, subjected to a zirconia
ceramic vial and mixed for 30 mitesusing a high energy vibrating mill (SPEX
SamplePrep* 8000M Mixer/Mill). The powder obtained was then pressed into pellets,
sealed in an evacuated quartz tab80 Paand heated at 55 for 8 h in a furnace
placed ingle the glove box. The sample was then naturally cooled down to the

ambient temperature.

3.2.2 Materiaktharacterization

Powder Xray diffraction patterns were obtained with a D8 Advance with
LynxEye and Sol X (Bruker AXS,ePMératoUSA)
was determined by inductively coupled plasma spectroscopy (Herkier ICR

OES). The morphology of the sample was examined using a Hitachi7® 8eld-
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emission scanning electron microscope. The surface chemistry of the samples was
examinedby X-ray photoelectron spectroscopy using a Kratos Axis 165

spectrometer. To prepare the sample for XPS test, LGPS electrodes were charged or
discharged to a certain voltage in a liquid electrolyte using a Swagelok cell, and held
at that voltage for 24 [.he electrodes were then taken out from the cell, and rinsed

by dimethoxyethanéDME) inside the glove box. All samples were dried under

vacuum overnight, placed in a sealed bag, and then transferred into the XPS chamber
under inert conditions in a nitrogdilled glove bagAr* sputtering was performed

for 180 s on the surface of the discharged and charged LGPS anodes to remove the
SEl layer. XPS data was collected using a monochromatedX-Kay source

(1486.7 eV). The working pressure of the chamber was lower thanl@5Pa. Al

reported binding energy values are calibrated to thegedk at 284.8 eV.

3.2.3Electrochemistry

The LGPS powder was pressed into a pellet (diametermi3thickness-2 mm)
in an Ar atmosphere. It was then sputtered with Au to form an electrode for the ionic
conductivity measurement. Tleéectrochemicaimpedancespectrum®f the
AU/LGPS/Au cell veremeasured between 28d 132 °C by applying100 mV
amplitude AC potendil in a frequency range of 10 MHz to 0.1 Hz. The cyclic
voltammogram of the LI/LGPS/Pt cell was measured betw@é&mand 5.0 V with a
scan rate of 0.05 mV/3he electrochemical performances of LGPS electrodes were
firstly tested using a liquid electroftwith Celgard 3501 as the separator in either
two- or three electrode Swagelok cells. 1M lithium

bis(trifluoromethanesulfonyl)imid@LiTFSI) in a mixture of 1:1 volume ratio of
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tetraethylene glycol dimethyl ethE(FEGDME) andn-methyt(n-butyl) pyrrolidnium
bis(trifluoromethanesulfonyl)imidéPYR;3TFSI) was used as tHeuid electrolyte
Composite electrodes consisting of LGPS and carbon black with a weight ratio of
75:25 were prepared thandgrinding in themortar, which were then mixed withO
wt.% polyvinylidene fluoride (PVDF) and-methylpyrrolidinone (NMP) to make the
electrode slurries. The electrodes were prepared by casting these slurries onto
stainless steel, copper or aluminumdaihd drying at 110C overnight isidethe

glove box The lbading of active material on each electrode is aBalEmg. Half-

cells were assembled using a lithium metal foil as the counter electrode, and full cells
in the liquid electrolytavere assembled with an electradassratio of ~1 between

the cathode and the anode sides.tReassemblyof the altsolid-state LGPS
C/LGPS/Lihalf-cell, the LGPSC powder (10 mg) was put on the top of L&PS
powder (120 mgand coldpressed together und@80 Mpain a PTFE tank with a
diameter of 13 mmAfter that, al00¢ nthick lithium metal was then attached on the
other side othe LGPS electrolyte layer as a counter and reference electrode. The
formedthreelayered pellet was then ceftessed under 12@pabetween two
stainlesssteé¢ rods which serve as current collectors. Shgle LGPSall-solid-state

full cell was simply prepared by direct cgbdessing 10 mg LGRS powder as anode,
120mg LGPS powder as solid electrolyte and 30 mg L&R®wder as cathode
under360 Mpa Both theelectrode preparation and cell assembly were performed in
the Arfilled glove box. The charge/discharge behavior was tested using an

ArbinBT2000 workstation (Arbin Instruments, TX, USA) at room temperature. The
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electrochemicaimpedancepectrumand cyclc voltammetry measurements were

carried on an electrochemistry workstation (Solartron 1287/1260).
3.3 Results and Discussion

3.3.1 Feasibility of singlemateiralbattery

The realization of a singlmaterial allsolid-state lithiumion battery is based on
the fact that some highly ionic conductive solid electrolytes could store Li ions at
both a high and a low potential aftecorporatingelectronic conductive materials.
With the above consideratiorns; (GeRPS;,was used as a model material to
demonstrate the singhaaterial battery concedtGPS haghe highestionic
conductivity (i;;~107 S/cm)in all solid electrolyte$? The electrochemical window
of LGPS was reportesls high as ~BV.?* Several >4.0 V ASSLIBs using LGPS as
the solid electrolyte have also beabricated'****However the measured wide
stability windowof 5.0 V benefitsfrom the poorkineticsof the oxidation and
reduction reactions of LGPS dueit® low electronic conductivityde~10° S/cm)??,
sincetheintrinsic thermodynamistability window of LGPSis calculated to be only
less than 2.5 V® The theoretical calculation from first principle modeling also
indicates that GPS will be oxidized td,Ss, S, and GeSat high potentials and be
reduced to LiS, LisP and LisGe at a low potentia‘l8 The S in the oxidation product
of LGPS and the LiGe, in the reduction product of LGPS are wietiown cathode
and anode materials, respectivéby, a lithium-ion battery in a charged state if
electronic conductive materials are introduced into two electrodes. Therefore both the
oxidative and reductive reactions could reversibly occur beyond the stability window

of LGPS, and LGP$arbon composite may be dsas both a cathode and anode due
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to the enhanced reaction kinetiégtually, theLi-S component in LGPS has the
same local structure as,B, which is a welhccepted cathode with a theoretical
capacity 0f1166 mAh/g at ~2.2 V"'®indicating that LGPS may probalfiynction
as a cathode after mixing with carbonabtdition it is known that the SO
component contained in SiBo 56P0.40Al0.4203.6 (TCO glass) is still electractive for
lithiation/delithation as an anode even after a new phase formafi@iven the
similarity between SO in TCO and G in LGPSLGPSmay alsdunction asan
anodeafter mixing with carbon, sincd8e$ is a wellacceptednodewith a
theoretical capacity of 863 mAh/g-ad.5 VVX°"*%®Thus, after mixing with carbon,
LGPS could likely be able teerve as both a cathode and an anode. At a low potential
the GeS component will be active for lithiation/delithiation but theS.component
will remain inactive, and at a high femtial only the LiS componentvill be active.
Therefore, pure LGPS could be used as the solid electrolyte W& -carbon
composites (LGPS/C) could serve as both a cathode and an anode. A GR§e
ASSLIB could befabricatedoy simply sandwiching GPS/C cathode, LGPS solid
electrolyte, and LGPS/C anode (Fig@r&b), wherein carbon is considered as the

extensiorof current collectors
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Figure 3.2 Characterizations of asobtained Li;0GeP>S;». (&) XRD pattern and

Rietveld refinement of the asbtaned LGPS powder. The black, red and green lines
represent the experimental, calculated and difference patterns, respectively. The blue
markers correspond to the position of diffraction lines. The insert shows the
background XRD pattern of the tape usedtésting. (b) SEM image of the-as

prepared LGPS powder. (c) Arrhenius conductivity plots of LGPS. The insert was
electrochemical impedance spectroscopy measured with Au/LGPS/Au cell at
different temperatures. (d) Aycvoltammetry curve of LI/LGPS/Pt celithin the

voltage range 0f0.6-5.0V at a scan rate of 0.05 mV/s.
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The feasibility of the single GPS ASSLIB has also beexperimentally
demonstrated GPS was synthesized followirilge previousreport?” The Rietveld
refinement of its Xray powder dfraction pattern Figure 3.2a) indicates that the as
obtainedLGPShas a typical space group®4,/nmc with the cell parameters af=
8.6995(3) A, ¢ = 12.669(6) A, and V = 954.% Mvhich is in good agreement with the
previous report? The green line in Figurd.2a means the difference between
experimental and calculated patterns. The fluctuation at low angles is due to
experimental errors including the systematic errors and the structural deviations or
minor impurities in the sampl&he atomic ratio of P to Ge in the sample was
determined to be 2.06 lmyductively coupled plasma&P) spectroscopyRigure

3.3), consistent with the stoichiometric ratio of P/Ge = 2 in&eRS;».
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Figure 3.3Individual ICROESGe (@) and P(b) quantification resultBlacklines
represent a simple, linear regression through data obtdihedcatomic ratio of P to

Ge was measured to be 2.06.

The SEM image (Figre 3.2b) reveals that the particle size of the sampébaut

2-5 & mure3Ra sbavs the Arrhenius plot of LGPS calculated from the
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impedance spectroscopy shown in the inBeth the grain boundary and bulk
conductivities are includedt 27 °C, the ionic conductivity of the coldressed

LGPS is 7.4 mS/cm, which is lower than thathef previous annealed LG®SThe
reducedionic conductivitymay be due to the lower densityaufid-pressed LGPS
pellet. Additionally, the presence of minor impurities, as can be observed from the
XRD pattern, may also contribute to the decreasheabnic conductivity.The

activation energy for the ionic transport was calculated to be 0.26 eV.
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Figure 3.4 Cyclic voltammograms of LI/LGPS/LGRG/Pt cell within 1.0° 3.5V (a),

and Oi 2 V (b) at a scan rate of 0.05 mV/s.

Figure3.2d showghe electrochemical window of the LGBSBtained frontyclic
voltammetry(CV) of a LI/LGPS/Pt cell at a scan rate of 0.05 m\’se LGPSis
observed to bstable at a high potential up td%/, which agrees wellith the
previous repdr’?'®*However, wienthe Pt is replaced by an LGPS layer
(LGPS:carbon is 75:25 in weight) to form a LI/LGPS/LGE%alf cell, a reversible
redox peak at a low potential between-0.8 V can be observed if the LGRSIs

scanned between 0.0 and ¥.0and another reversiredox peak located at the high
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potential of 1.62.7 V can alsde observed if the LGRS isscanned between 1.0 and
3.5V (Figure 3.4). This result demonstrates that an LGP8omposite can serve as
both a cathode at £&7 V and an anode at 6005 V. The lack of these peaks in the

CV of the LI/LGPS/Pt cell (Figurd.2d) is because the contact area between LGPS
andelectronicallyconductive Pt is very small, thus the reaction currents are too small

to be observed in the CV scan

-900

—a— |nitial state
Charged state

-600-

Z"(Q)

-300+

100 kHz

0 300 7(Q) 600 900
Figure 3.5Impedance profiles of theu/LGPS/Au cell (0.1 Hz to 1MHz) at its initial

state and after it was charged2.7 V at a scan rate of 0.005 mV/s

In fact, the electrochemical oxidation and reduction reactions of LGPS at the
interface between the LGPS and iastthe Au/LGPS/Au blocking electrode beyond
the stability window have been detected using the sensitive electrochemical
impedance spectrunk(S) (Figure 3.5). TheEIS of the fresh Au/LGPS/Au electrode
shows a typicalNyquist plot of a solid electrolyteith a neaty vertical capacitive
line for blocking electrodeslowever, &er a linear potential scan tfie
AU/LGPS/Aucell at averylow scan rate of 0.005 mVfsom 0.0to 2.7V, the

Nyquist plot turnsnto a typical batteryike behaviomwith chargetransfer semi
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circlesin the medium frequency and a neaf dlopediffusionline in the low
frequency This result demonstrates that eveaAu/LGPS/Aublocking electrode
mayturninto asingle LGPSmicro-batterybecaus¢he LGPS electrolytevould be
oxidized and reduced as electrodes when it contacts witebionically

conductive AP’ These results indicate thiats feasibleto fabricate arASSLIB

based on the singhaaterialLGPS

3.3.2Electrochemical performansef Li1(GeRS;» asa cathode and an anode

—~4 c 1200
a —4—LGPS Cathode in Coin Cell
o 3 ~1 050:[ LGPS Anode in Coin Cell
So _‘c@ ¢ —a— LGPS/LGPS in Flooded Full Cell
(=] < 2004
> 177 é ‘
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Figure 3.6 Electrochemicalperformance of Li;¢GeP,S;, cathode and anode with
liquid electrolyte. 1 M LiTFSI in TEGDME and PYRTFSI with a volume ratio of
1:1 was used as electrolyte for testing. Charge/discharge curves of LihakRSlI
at a current density of 100 mA/gps)in the voltage range of -85 V (a), and @-
2.0 V (b). (c) Cycling performance of the LGPS cathode, LGPS anode and

LGPS/LGPS flood full cell. All the specific capacities are reported based on the

weightof LGPS.

The electrochemical performances of LGE8lectrodes (LGP8arbon is 75:25
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in weight)were firstly tested im coin cellusingthe liquidelectrolyte(1 M LITFSI in
TEGDME and PYRsTFSI). Thecathodegrerformance of LGPS was evaluatedhe
potential rangebetween 1.0 to 3.5 Ws. Li/Li*) and the anode performance was
measured between@and 20 V. Figure 3.6a shows the initial three charge/discharge
curves ofthe LGPScathode between 1.0 to 3.5 X small voltage bump followed by

a plateau at ~2.8 V could be observed during the first charging while the subsequent
discharge curve exhibits two plateaus at 2.5 V and 2.1 V, giving a specific charge
capacityof 186 mAh/g.cpsyand a discharge capacif151 mAh/gcpsy The
galvanostaticharge/discharge curves and CV sca&igure 3.7) arevery similarto

thebehavior of &.i,S cathoddn aliquid electrolyte'®
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Figure 3.7 Cyclic voltammograms of LGPS cathodg and LGPS anodd] in

liquid electrolyte with lithium metal as counter and reference electrode at a scan rate

of 0.05 mV/s.

The bump observed at only the first charge process represents the kinetic
activation process, and two plateaus showing up at the discharge process could

possiby be attributed to the reduction process from solid sulfur to liquid-dighar
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polysulfides, and from liquid higkorder polysulfides to solid k$; or Li,S,
respectively° This result indicates that tHe-S componentn LGPScould be
electroactivefor thecathode performance, and the irreversible capacitlysdfGPS
cathode is probably due to the expectdditde” reaction of higlorder lithium
polysulfidesasin Li-S batteries™

Figure 36b displaysthe charge/discharge behavior of the LG&®de inlhe first
threecycles between 0.0 to 2.0 V (vs. LifLi An irreversibleslopedplateau at
0.9~0.5 V anax reversible plateau at ~0.5 ¥uld be observed in the firstycle
consistent with the C¢cans [cigure 3.7b). It should be noted that thiehavioris
very similar to the GeSanode*"*%®The irreversible plateau at 095 Vis
attributed to the ieversibleconversiorreaction from Gesto Ge and LiS, giving a
largeirreversiblecapacity during the first cycle. The reversible plateau could mainly
correspond to the alloying/eloying of Li and G which contributes a lot to the
reversible capaty of 205mAh/g.cps,for the first cycle. This result demonstrates
that the GeS componentn LGPS could still act as the active center for
lithiation/delithiation as aanode although thecarbonand thephosphorusn LGPS
C electrodemay also slightlycontribute to the capacity. Figures8 shows the
cycling stability of the LGPS cathode aadodein the liquidelectrolytecoin cell.
Despite that capacity decays could be observed for both LGPS cathode anshanode
thelong term charge/discharggcles the LGPS cathode and anode could still deliver
89 and79 mAh/g.cps)after200cycles repectively

Thecycling performance of the LGP&juid electrolytel GPS full cellwas

tentatively examined in a thresdectrode liquieelectrolyte flooédcell using Limetal
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as a reference electrode (&ig3.6c). The initial irreversible capacity tie LGPS

anode was compensated by-pyelingthe LGPS anode against Li reference

electrode between 1.5 and 0 V. After the LGPS anode was recharged to 1.5 V, it was
coupledwith thefresh LGPS cathode to fornm &GPS/liquid electrolyte/LGPS full

cell. As shown in Figure .Bc, the LGPS/LGPS full cell shows similar cycling

stability asthe individual LGPS anode and LGPS cathtidesdemonstrating a high
Coulombic efficiency ofboththepre-cycled LGPS anode and LGPS cathddeng

long-term charge/discharge cycles
3.3.3Reaction mechanisms ofk5eP:S;, cathode and anode

a b
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Figure 3.8 Deconvoluted S p and Ge 3l core XPS spectra of LGPS electrodes,
S 2 spectrum of the LGPS cathode at the fresh state, charged to 3.5V, and then re
discharged to 1.0 \h, Ge 3 spectrum of LGPS anode at the fresh state, discharged

to 0.0V, and then reeharged to 2.0 V.
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Table 3.1 XPShinding energies of low B.E. peaky) and high B.E. peak&gn) of

S 2 spectra in LGPS cathodes.

Samples Eiow S2312 (V) Ehigh S22 (eV) Area Ratio
Fresh 162.1 163.7 4.9:1
Charged 161.9 164.3 1.8:1
Discharged 161.4 163.0 4.2:1

Note: The curve fits were obtained using fixed sphts (2231 2p12=1.18 eV) and
fixed area ratio (@/2/2p12 = 2).

X-ray photoelectron spectroscopy (XR@&ps used to understand the
electrochemical reaction mechanisms of the LG&8&ode and anode theliquid
electrolyte Figure 3.8a compares the XPS spectreSdtp obtained fronthe LGPS
cathods atthefresh, fully-chargel (to 3.5 V)and fully-discharge (to 1.0 V)states
The result indicates that all these cathagddsbit a main peak aroundl63 eV, while
the LGPS cathodes atilly-charged and fulhdischarged statehhowanother peak at
~169 eVattributed to-SO,CF; from the LiTFSI in the electrolyt®! The detailed
fitting for the main peak of interest results in two peaksléB5 eV and~161.8 eV.
Unfortunately, it is very difficult to designate either of them because of the
complicated chemical environment of S in the samyilesS, P-S, Li-Sin LGPS,
elemental sulfur and a series of lithium sulfides), and therefore they were simply
denoted aa high B.E. binding energy pedht ~163.5 eVandalow B.E. peal(at
~161.8 eV) Nevertheless, the electronegativity difference of cations thaoaced
with S could tell a general trend of their binding energy positiofs ¥RS > GeS
> Li-S). Additionally, the peak for the bonding with each cation will shifatagher
binding energy as the oxidation state of S increameaning thalithium sulfide with

a sulfur oxidation state e is always located in the low B.E. pedkese results
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allow us to uselte area ratio of the low B.E. peak to the high B.E. peakf¢othe
reaction mechanism ¢fie LGPS cathode (Tabl&.1). The area o decreased from
4.9:1 for the fresh LGPS cathode 1.8:1 after it was charged to BV indicating that
the oxidation of sulfurl(i-S) to SS occurred during the charge process. After the
LGPS was discharged to 1.Q e ratio increaskbackto 4.2:1, which means the
reduction of S. In addition, the area ratio after theytle (4.2:1)s veryclose to the
originalratio for the fresh LGPS catho@#9:1), thusdemonstratinghe high
reversibility ofthereaction.This result confirmed that the catlegderformance of
LGPS could be attributed to the oxidation and reducticgheti-S component

contained within LGPS.
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Figure 3.9 Deconvoluted P 2core XPS spectraf LGPS electrodes at different
charge/discharge states. pPspectrum of LGPS anode at the fresh stateafter
discharged to 0 V without Aisputtering 0), after discharged to 0 V with Ar
sputtering for 180 <, and then reharged to 2.0 V without Arsputtering @), re-

charged to 2.0 V with Arsputteringfor 180 s €).
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Table 3.2 Relative atomic composition of Ge@PR in the LGPS anodes from XPS

Samples Ge (%) P (%)
Fresh 3.1 3.8
Charged without Sputtering 0 2.7
Discharged without 26
Sputtering '
Charged with Sputtering 1.1 4.6
Discharged with Sputtering 1.1 3.6

Figure 3.80 demonstrates the high resoluti@e 3d spectra of the LGP&nodes at
the freshfully-dischargedto 0.0 V) and fullychargedto 2.0 V)states. For the fresh
LGPSanode the main peak positioned at 30.3 eV coulatiebuted to the GeS
tetrahedran the LGPS, while the other two small peaks at 31.3 eV and 33.3 eV stand
for theGe-S'*?and GeO'*from the impurities or contaminants on the surface
respectively However for the fully-discharged and fullgharged_GPS anods, the
main Ge 8 peak at 30.3 eV shifted to a high binding energy at 31.3 eV, while a new
peak at 29.7 eV appearékhe new peak at 29.7 eV could be ascribed to the Ge
metal'** Given the minimal difference of the binding energy betweem@tal
aloy**?and Ge metal itséeft* due to the similar metalliconding, the peak at 29.7 eV
can also bascribed tdheLi-Ge alloy The appearance of this peak confirms that the
Ge-Scomponent in LGPS is electaxtive andvould be reduced ta Li-Ge alloy
after the first discharg® 0.0 Vand oxidizedackto the Gemetalafter the LGPS
anode was rehargedo 2.0 V. The peak at 31.3 emMaybe attributed tahe Ge-S
bonding in theesidueintermediate product (kGe-S compoundjrom an incomplete
reaction of the LGPS anoda addition, the highresolution P @ spectra othe LGPS

anodes at thigesh fully-dischargedand fully-charged state(Figure 3.9) indicates
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that Pcontainedn the LGPS hasenly a slight contribution to the reversible Li
storage of the LGPS anode. Thereftine,anodeperformance of LGPS couldainly

be attributed tdthe GeS component in LGPS, and it exhibits a similar reaction
mechanisnas the GeSanode wih an irreversible conversion reaction followed by a
reversible alloying reaction.

Together with the charge/discharge behaadithe LGPScathode and anode
discussed abovéhe XPSresultsconfirm thatthe LGPScathode andnode
performancecould bemainly attributed to thé.i-S andGe-S componentsn LGPS
following the similar reactiomechanisnas the LiS cathode and Ge&node,
respectivelyBased on their stoichiometric ratio in LGPS, the theoretical capacities
could be roughly calculated as 456 mAhégs,)for the LGPS cathode and 250
mAh/g.cps)for the LGPS anode (including the contribution from carbon black). This
means that 41% and 80%tbktheoretical capacity dhe LGPS cathode and LGPS
anodewere achieved in the liquid electrolyte respedyiv&he incomplete reactions
are probably caused by the large particle size€2m of LGPS electrodes and the

nonuniform mixing of carbon through hasgtinding.

3.3.4SingleLi1;GeRS;, all-solid-state lithiumion battery

The electrochemical performaxof altsolid-state batteries were tested in a
speciallydesignedswagelok cel[Figure 3.108), whereinthesolid electrolyte and
electrodes are coldressed sequentially between two stainless steel rods inside an

insulating PTFE tank.
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Figure 3.10 Ele¢rochemical performance of Li;(GeP.S;, cathode and anode with

Li10GeP,S;2 solid electrolyte.(a) Schematic representation of the cell configuration

for all-solid-state battery test. Charge/discharge curves of the LiI/LGPSAGHS

solid-state cell at a current density of 10 mA/g in the voltage range -&.3.9 (b),

0.0-2.0 V (c). (d) Charge/deharge curve of the Li/LGPS/LGRS all-solid-state cell

at different current densities in the voltage range 03155V (d), 0.62.0 V (e).

The LGPS and carbon was balilled for 20h to achieva uniform distribution of

thecarbon in the composite electrodiegure 3.11).

Figure 3.11SEM image and the elemental mapping of carbon (red) and sulfur (blue)

of the LGPScarbon composite after batlilling for 20h.

The halfcell tests (LI/LGPS/LGP&) within different voltageanges were first

conductedo evaluateghe performances of the LGPS as a cathode and an amtue

all-solid-state configuratiomsing LGPS as the solid electrolytggure 5b shows that
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the LGPS cathode in the LGPS solid electrolyte exhibits a signtficdifferert
behaviorfrom thatmeasuredh the liquid electrolyteNo voltage bump corresponding
to the activation process the liquid electrolyteould be observed at the first charg
process, and the subsequent discharge curve shows only ona ptat@a? V.The
galvanostatic charge/discharge cur{fégure3.1() shows onglateau in the
charge/discharge curve. The gulateau behavior of LGPS cathode in the solid state
battery may be attributed to the only binary salidid phaséransition™*>which is
similarto the LiS electrodes in solidlectrolyte?” The one redox couple i@V scans
of LGPS cathode also further confirms that th€SLacomponent contained in LGPS is
mainly responsible for its cathode performanidee LGPS anode in the ablid-state
cell (Figure3.1(c) exhibitsavery similar behavior athat inthe liquid electrolyte

with a large irreversible plateau at 0.9~0.5 V and a reversible plateau at #0tseV

first cycle which is also consistent with the CV scafg.interestilg phenomenon

should be noted that a higher reversible capacity at the first cycle could be observed
for both the LGPS cathoded2mAh/g.cps) and anode &3 mAh/gcps) in theall-
solid-state haHcell than thain the liquidelectrolytecell. Thisis probably because of

the activation of the LGPS solid electroffftand the much lower current densitsed

in the altstatebattery testln addition, theaateperformance of the LGPS cathode

and LGPS anode in the LGPS solid electrolyte at diffenement densities were also
tested As shown inFigure 5d the LGPS cathode exhibits reversible capacities of

267, 140, 80 mAh/gsps)at the current densities of 10, 50, 100 mA/g respectively.
Reversible capacities of 130, 60, and 36 mAk#g)could be ahieved forthe LGPS

anode at the current densities of 10, 50, and 100 mA/g respectiFaure3.10e).
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Figure 3.12Electrochemical performance of the singleLi1;GeP.S;, battery. (a)
Crosssection SEM images of the singl&PS battery. (b) Elemental imgings of C

(red) and S (blue) of the singlg&5PS battery. (c) Higlmagnification SEM image
displaying the interface between LGPS electrode and LGPS electrolyte. (d)
Charge/discharge curves of the sinQ@PS battery in the voltage range of-2.6 V

from the 2% cycle at a current density of 10 mA/g. (e) Charge/discharge curves of the
singleLGPS battery in the voltage range of-2.6 V from the 2 cycle at different
current densities. (f) Charge/discharge curves of the sir@RS battery in the

voltage range of 0-2.5 V from the " cycle at 50 °C at a current density of 50

mA/g. The weight ratio of LGPS cathode to LGPS anode was tentatively 8dor

the capacity balance. The specific capacity and the current density ofsloédll

state full cell were calculated based on the weight of LGPS anode. All the
electrochemical perfomances of the batteires were tested at room temperature unless

speified.
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The feasibility of usinghe Lisuperionic conductor LGPS electrolyte as kbt
cathode andnode allows us to build upsangle LGPSASSLIB. To construct the
singleLGPS altsolid-state full cel(LGPSC/LGPS/LGPSC), the weight ratio othe
LGPS cathode tthe LGPS anode was tentatively set a&® 8ompensate the large
irreversiblecapacityof the LGPS anode during the first discharfggure 3.12a
shows the crossection SEM image of the singl&sPS battery. Napparent
delamination could bebserved across the cell, indicatinggteatmechanical
integrity. The layerecdompositionof thecell identified from the elemental mapping
was demonstrated in Figu8el, from which we can sabatthe LGPS was
continuously distributed across theismthickness of the cell while the top and
bottom layers of the LGPS were surrounded by carbon. The two different regions of
the LGPS with and without carbon correspond to the LGPS electrodes and LGPS
electrolyte respectively, and the thicknesshefcathode and anode are defined by the
depth of carbon penetratiohhe thicknesses dle LGPS/C cathode, LGPS
electrolyte, LGPS/C anode layers in the siAg&PS battery are 222, 330, 148m
respectively. The higimagnificationimage of the interface was alprovided in
Figure3.1Z. There is no cleaistinctionbetween the electrode and electrolyte
exceptthat some small carbon black particles could be observed within the top layer
of the LGPS. Figur8.1 reveals the electrochemical behavior of the sth@PS
battery at a current density of 10 mAJgtween @ and 2.5 V and it shows thahe
singleLGPS ASSLIBIs able todeliver areversiblecapacity of 104 mAh/gees)
Moreover, similar charge/discharge curvesid be observed from thé' %o the6™

cycle withno apparent capacity decalhe rate performance of the singl&PS
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battery was also evaluated by cycling the battery atuhent of 10, 50, and 100

mA/g, respectively. The result shown in Figure 6e indicates that the reversible

capacityof the singleLGPS battery decreases from 104 ta®&h/g.cps)as the

current increases from 10 to 100 mA/g. In addition, the electrochemical performance

of thesingle LGPS battery was also evaluated aelvatedemperature of 56C.

As demonstrateth Figure3.14, atthecurrent density of 50 mA/ghereversible

capacity of thesingle LGPSbatteryincreases from 70 to 96 mAk/gps)as the

temperature increases from room temperature teC3fecause afhedecrease of the

electrodeglectrolyteandinterfacialresistances

3.3.5Interfacial behavior othe singleLi;GeRS,, battery
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Figure 3.13Impedance profiles of (a) LGPS/80LIi,S-20RSs/LGPSC and (b)

LGPSC/LGPS/LGPSC all-solid-state LIBs after charging to 2.5 V in the 10° Hz

frequency range at room temperature.

The interfacial behavior dghe singleLGPS ASSLIB (LGPSC/LGPS/LGPSC)

was evaluated by electrochemical impedance spectrosangycompared with a

control batterLGPSC/80Li,S-20RSs/LGPSC) which has exactlyhte same
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configuration, except with the replacement of LGPS 8@hi,S-20RS; glassas the

solid electrolyteBoth batteriesveregalvanostatially charged to 2.5 Vheld at2.5 Vv

for 20 h and restedtopencircuit potential for zh prior to EIS testingFigure 3.13
shows theEIS plots of thee batterieat room temperature. EaéiS plot consiss of

a small semicircle in the high frequency region (> 100 kHz) and a large semicircle in
the medium frequency region, followed by a straight line correspomalitig

Warburg impedancm the low frequency regiomrhe small seracircle at high

frequency could be assigned to the lithium ionic conduction in the solid electrolyte
(Rsp) while the large senircle corresponds to the interfacial resistangg)(R

between LGPSC electrods and solid electrolyté®® The resistance values were
obtained bytheleastsquare fittings of the impedance data using the equivalent circuit
of two R//CPE (constant phase elemantyeries As expected, the small difference

in Rse (192q cn? for the LGPS/80L4S-20RSs/LGPS cell andt5 q cn? for the
LGPS/LGPS/LGPS cell) consists with the ionic conductivity difference of the solid
electrolytes used. However, timerfacial resistancef the LGPS
C/80Li,S-20RSs/LGPSC cell (1053q cnY) is aboutl0 timeshigherthanthat of the
singleLGPS battery103q cn), which might be the reason for the fast capacity

decay of thee GPSC/80Li,S-20RSs/LGPSC cell (Figure 3.14).
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Figure 3.14Charge/discharge curves of the LGESBO0LI,S-20RS/LGPSC all
solid-state fultcell in the voltage range of 025 V from the 2 cycle at the current

density of 10 mA/g.

Moreover, theareaspecific interfaciatesistance of the singleGPS battery103
q cn?) isonly 1.5 time of the electrodés the liquidelectrolyte battery (~68
cn?)’, althoughthe singleLGPS battery has a®0times higheroadingof active
material and-10 times larger thicknessan that irtheliquid-electrolytebattery**’
Despite the sensitivity of the EIS test to the processitigedfattery(pressure used,
relativecontent of the component in the composite electrode)ntbdacial
resistance of the singleGPS battery isignificanty lower than most ofthe bulk-type
ASSLIBs***92118|though the composition and fabrication process of sihGeS
battery have not been optimized, its interfacial resiste&tdl comparable to that of
optimizedASSLIBs reported*! Since the ionic conductivity of solid electradyt
doesnot have significant influence on the interfacial resistafitijs result
confirmed that the interfacial behavior could be remarkably improved in the-single

materialASSLIB using the LGPS as both electrodes and electrolyte.
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3.3.6Discussion

A single element arrangement (SEA) concept has been proposed by Weppner to
prepare a fuel/electrolysis cell and an electnoomic cell using a single materiaf.
Both of these devices exhilbitw interfacialresistancdy avoidinginterfacial
chemical reactions andechanicatlisrupture However there is no report about
usinga singlematerial for aechargeablbattery,whereina severe compositional
and structural changeccursat the electrode/electrolyte interfadaring
charge/dischargéierein, we reported the first singheaterialbattery based on
LGPS, which shows emarkably improvethterfacialperformance as expectékhe
significant improvement of the interfacial behaviottod singleLGPSASSLIB
could be ascribed to the follovgrreasons. (1) Using a sindl&PSas boththe
electrodegcathode and anodahdthe electrolytewould allow an intimatehysical
contact betweetheelectrods and electrolyte at an atomic scalace the electrodes
areessentially evolved from the eleatyte. For a conventional butkype ASSLIB
with poor electronicalljconductive electrodethe charge transfer reaction usually
occurs at the Atriple phase codtonmactt 06 regi o
with both thdithium ionic conductive solid electrolyte and the electratic
conductivecarbon*?* However,in the proposed singleGPSASSLIB, only a two
phase contadietween carbon and solid electroligeequired whichwould
effectively increase the active sites for electrochemical rea&iane there is no
carbon in the pure electrolyte layer and the electronic conductivity of LGPS cathode
is very low,the progressive decomposition of the solid electrodgeald also be

prevented(2) The chemical reactions and elemental idtfusion betveen
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electrodes and electrolyte could be elimindiedausehe electrodes are essentially
graduallyevolved from the electrolytéore importantlyatransition regiorwith a

smooth chemicatompositionandpotentialgradientdistribution could be formed
acrosgheelectrodes and electrolyt& The smooth electrochemical potential

distribution will restrict the formation of spacharge layers betweehe electrodes

and electrolyte. (3) The stress/strain generated at the interface would also be relieved
because of the existencetbE transition regioacrossheelectrods and electrolyte.
Consequently, a very low interfacial resistance could be achievedsmgieLGPS

ASSLIB during longterm charge/discharge cycles.

418 2207
400um |wao: 120 x

Figure 3.15The crosssectionSEM image and elemental mappings of carbon (red)
and sulfur (blue) of theingle LGPS battery with a thinner LGPS electrolyte (205

e m)
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Figure 3.16Charge/discharge curves of the sing@PS battery with a thinner solid
electrolyte in the voltage rangé 0.0-2.5 V from the ?* cycle at a current density of

10 mA/g.

Despite the remarkable improvement of interface beha¥ierelectrochemical
performance of the single GPS batterys still not as good athat in the liquid
electrolytebatteryat the senecurrentdensity of 100 mA g. This is because in the
singleLGPS solid state battery the loading of LGPS in anode and cathode are 6 and
18 mg/cni respectively, which isabout8-20 times higher than the LGPS loading in
the liquid-electrolyte cell (0.78ng cni?). It is well known that the electrochemical
performance of the electrode quickly decreases with the increase of the active
material loading even in the liquid electrolytattery.Moreover, the thickness of
LGPS electrolyte layer (330 mused inthesingle LGPS batterys about10 times
larger than that of the separator{@%¢ mused in the liquigelectrolyte cell, which
will also contribute to the high resistanmfethe batteryThis could be supportdaly

the fact that additionalapacity of~20 mAh/g.cps)could beachievedat the current
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density of 10 mA/dy reducinghethickness othe LGPS electrolyte layer from 330
to 205¢ n(Figure 3.15and3.16).

A series of engineering efforts are still required to further improve the
performance of # proposed battery, such as the optimization of the content of
carbon black in the composite electrodes, the design of porous, nanostructured
electrodes, and the application of a constant pressure during testing. In particular,
infiltration of electronic onductive materials into the porolager of theporous
LGPSdenseL GPSporousLGPSsandwichstructureusinga mature technology in
solid oxide fuel cell (SOFC) is more suitable fioe singlematerial battery
concept?® The key point of this work is to demonstrate a new singerial battery
concept taaddresshe interfacial problem for the butligpe altsolid-state batteries.
Moreover, the addition of large amounts of solid electrolyte (~50 wt.%) in the
composite eletrodes which is usually required in@nventionabulk-type altsolid-
state batterie@~igure. 1a)o ensure efficient transport of lithium ions and electrons in
the electrode volumevould be unnecessatyr the singlematerial batterylue to the

highionic conductivity of theslectroddtself.

3.4 Conclusion

In summary, welemonstrated proof of concept od singlematerialbattery
using LGPS as the electrolyte, anode and cathode, with the aim to eliminate the
highly-resistive interfacial resistancé ASSLIB. After mixing LGPS with carbon,
theLi-Sand GeS components in LGPS could act as active centers for its cathode and
anode performance in a way similar to thgSL.cathode and Ge&node, respectively

Thesingle LGPSASSLIB exhibitedaremarkaby low interfacialresistancelue to
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(1) theimprovemenof interfacial contact(2) the modification otheinterfacial
interactions, and (3) the suppression of the strain/stress at the intéHasengle
materialbatteryconcept provides a promisimigrectionto addresshe most
challengingnterfacialproblem in alsolid-state lithiumion battery. This concept is
not limited to the use of LGPS, and it can also be broadly applied to othestsnéd
battery systemdjeneficialto a highpower, highenergy, lonecycling allsolid-state
battery.Additional implications of this concept includlee fabrication of a nano
batteryby introducing electronally-conductive material on tH®th surfaces of the

LGPS nanomaterials.
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Chaptlenrt edrsphase Engi-Gereaming Enab

Lithium Battery

4.1 Introduction

Achievinga highperformance soligtate battery (SSB) with nonflammable,
inorganic solid electrolyte has been considered as the ultimate solution for the safety
issue of lithium on batterie$:*'” Sulfide-based solid electrolytesch as
Li;0GeRS174%?and garnetype LisLasZr,012 (LLZO)® are being considered as the
most promising solid electrolytes for SSiBscausef their high ionicconductivities
Significant advanclas been made to achieve both higltage and higipower
SSBs based on sulfidesed electrolytes owing to their exceller@chanical
properties>?*However, thechallenge®f the formation of toxic kS from the
hygroscopic sulfides and tip@orelectrachemical staitity of the sulfidebased

é0,125,12

electrolyte %till remain. Garnetype LLZO has therefore attracted increasing

attentiongdue toits higher air stability analectrochemicastability,'>*although

slight reactions between LLZO and®CQ; in theair also occuf:**’ Moreover,

LLZO also holds great promise of using higipacity lithium metal asnanode. The
stable cycling of Li metal with LLD with a lowinterfacialresistancénasbeen
reported by several groups?®**° although the lithium dendrite formation along the
grain boundaries at high curreigsstill a challengeé®®'** Despite these great
promises, the performance of the LLA@sed alsolid-state lithium battery is far

worsethan that of the sulfidbased SSBbecaus@f the hugenterfacialresistances

between theathodeand the rigid LLZO electrolyt&?>*3*
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Thehigh cathode/electrolytmterfacialresistance in akbolid-statelithium
batteries is mainly attributed tg ¢(hepoor contact between the solid actmaterial
and solidelectrolytein the cathode composite, and between the cathode composite
layerand the igid electrolyte layef**(ii) the (electrgchemicalinstability between
active material and solid electrolyte during charge/discRatgand/or high
temperature sinterifg® processediii) the strain/stress at the interface generated
from thelargevolume change of the electrodwterialsduring chargelischargé®
and/or from the different coefficients of thermal expansion between eleetnode
electrolyte during highemperatureintering;and (iv) the formation of spaaharge
layer at the interfac&:*3*

Severahttemptshave been made to lowre cathode/electrolyte interfacial
resistance in LLZCbased SSB4.iC0o0O, (LCO) was mainly used as the cathode in
these worlkpresumablypecausehe high electronic conductivity of both LCO and the
delithiated LCO allows fast lithiatiodélithiationof LCO cathode without any
electronically conductive additivé®**"Vacuum depositin of thin-film LCO
cathode on LLZO electrolyte pellet could imprdhe interfaciacontact:* but the
vacuum deposibin method isindesiredo prepare highoading electrode (usually
tens of microns thick) for a higbnergy bulktype lithium batteryThe direct coating
of activematerialon a LLZO pellet at room temperature using the mature slurry
castingtechnologywould notwork because of the insufficieimtterfacialcontact®®
High-temperature sinteringanimprove thenterfacialcontact,but may also lead to
the formation of highly resistiventemphase becausd the chemical instability

between cathode and LLZ®®" For exampletheLCO cathode prepared by sintering
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LCO on a LLZO pellet at 70C could mly deliver a low capacity of 35 mAh/g
which isonly 25% oftheoretical capacity of LCQ@L40 mAh/g), due to thelemental
crossdiffusions and the formation of tetragonal LLZO phase at the LCO/LLZO
interface?® To addresshe chemical instability between LCO and LLZBhigh
temperatureLisBOs with alow melting point (708C) was added in theathode
composite to lower the sintering temperattfre:**¥4* However, the improvement
onthebattery performance was still limité@caussimply adding a sintering
additive in the cathode canmgiarantee acomplete separ@n betweerthe LCO
particlesandLLZO electrolyte, especially if the sintering additivesip@or wetting
capabilities with LCO and LLZQAs a result, LLZO and LCO will still be ipartid
contact with each other, causing severetreas between them during sintering and
charge/discharge processdg. to date, fothe bulktype LLZO-based alsolid-state
batteriesthe highest reported capacity is 101 mAh/g that was achievddvat a
currentdensityof 0.025C with no cycling datd® while the longest cycle number of
10 was achieved &2 C with a low capacity of 67 mAh/g As acompromise,
flammablepolymer*?1*3or liquid*®***electrolyte was usually added at the
cathode/LLZO interface to reduce timerfacialresistance, which will clearly
sacrifice the intrinsic safety of SSBs.

Thecritical challengeo achievea highperformance alkolid-state
Li/LLZO/LCO battery with an aliceramic cathode and electrolyte lies into the
completeseparatiorof LCO and LLZOby an interphase thags highonic
conductvity, is (electro)chemically stable, and wets with both LCO and LLZO

Unfortunatelythe complete separation between LCO and LLZO could not be
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achievedy simply adding a sintering additive such agBi0;.%° By taking
advantages of the spontaneous formatioth@tonformalcoatings ofLi,COs; on the
surfaces of both LLZ&®and LCG* when exposetb air, here we present an
innovativeapproactto lower the LCO/LLZGOinterfacialresistance by thernigl
soldering LCO and LLZQogetherthroughthereaction betweetheLi; 3Cy /B0 303
solderandthe Li,COscoatingsto form theLi; 3xCo 7+xBo.3xO3 (LCBO) interphase

The basiconfigurationof the interphasengineered cathode/electrolyte is shown in

Figure4.1
208222 v 0000 By table LLZOJL.
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Figure 4.1 Schematic diagramf the interphaseengineeredall-ceramic
cathodeelectrolyte. A thin layer of LbCOs; (3 nm)was artificially coated on LCO
because the spontaneoutymed LLCO; on LCO is too thin. The LCOs-coated
LCO (LCO@LLCOs) was then mixed with a spontaneouslyd®;-coated LLZO
(LLZO@Li,CQs), andLi, 3Co 7Bo 303 solder to make a cathode composite. The
cathode composit@as thercoaedon a LLZOceramicpellet which was also
spontaneously coated by,0Os. After sintering aZ700°C, Li» 3Co 7Bo.30s will melt,
and react with the LCO; coatngson both LLZO and LCQo formLi2 3xCo.74xBo.a

xO3 (LCBO) interphase.
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Different from the conventionapproactof using LsBOs as a sintering additive
to lower the sintering temperatute; sCo /Bo 503 added in the cathode composite will
react withthe Li,CGO; layers thatvereconformdly coated on both LCO and LLZO
ensuringa completeseparabn between_.CO andLLZO. Li, 3Co /Bo.30s wasselected
asthesolderbecausei,.,Ci.yB,0s (y = 0~0.3)is isostructurahsLi,CO;**° and can

furtherform solid solutiorwith Li,COs*’

. Another unique advantage of this

approach is that the LCBO interphase has a high ionic conductivity (much higher than
LisBO3).*° The high ionicconductivty of LCBO has enabled it to be solid electrolyte

for the altsolid-state lithium ion battey. It is well known that thénevitable

formation of LLCO; on LLZO and some layered transitiometal oxide cathodes
whenexposed to aiwas always considered as an inherent drawback for these
materials because of the la@nic conductivityof Li,CO5.2%*>1*®However, this
problemwasuniquelyaddresseth our approachy reactingi,CO; with

Li».3Co.7B0.303 to form LCBO electrolyteinterphasehat has the Lion conductivity

several orders of magnitude higher thas0;.*" The great wetting properties of

Li23Co 7B0.303 with both LLZO@LpCO; and LCO@LyCO; could enable excellent
interfacial contact within the cathode composite, and between the composite cathode
and LLZO pellet. The completeparatiorbetween LCO and LLZO by LCBO could
effectively suppresdie elemental diffusions amthemicalreactions between LCO

and LLZO and suppress tf@amationof spacechargelayer at the LLZO/LCO

interface The LLZO particles contained in the cathocguld not only improve the

ionic conductivity of the cathode, busalfunctionas amechanicateinforcing phase

to improve the mechanical property of the S$Byhich will help toaccommodate
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the strain/stress generated during lithiation/delithiation. It should be thztdtde

thin interfaciallayer (~6 nm) between L@ particles will deform during sintering,

and this will help ensure the interconnectivity between LCO particles that determines
the electronic conductivity of electrode. A thicker coating of electronic insulating
layer (e.g. LiTisO12,%° LioS-P,Ss,*! LigPSCI,**  or Lil-LisSnS™™) on LCO has been
reported for a high performance-atllid-state batteryThe simultaneousmproved

the interfacial contactg(ectrgchemicalstability, ionic conductivity, andhechanical
propertyof the allceramic cathodend dectrolyteenabledanall-solid-state

Li/LLZO/LCO batteryto provide an extremely higlelectrochemical performance
4.2 Experimental

4.2.1 Materiakynthesis

PolycrystallineLLZO powder was prepared by solid state reaction method. Ta
was doped into LLZO (with theompositionof LissLasZr; 4Tape012) to stabilizethe
cubic phase at room temperatus¢arting materials of LiIOH-pD (99.995%, Sigma
Aldrich), La(OH) (99.9%, Sigma Aldrich), ZrG (99.99%, Sigma Aldrich), &8s
(99.99%, Sigma Aldrich), were weighed and mixed based on the stoichiometric ratio.
10% excess LIOH-bD was used to compensate the Li loss during-tegiperature
calcinations and sintering. The mixture waschanically milled (PM 100, Retsch)
with 2-propanol and zirconia balls in a zirconia vial for 24 hours, and then dried,
heated in air at 950°C for 12 hours. The4mailling and heating were repeated to
enhance purityThe asprepared LLZO powder was grindl@esing a higkenergy
vibrating mill (SPEX SamplePrep* 8000M Mixer/Mill) for 1 hour to reduce its

particle sizeand then stored in aiRetaileddescriptionof LLZO pellets can be found
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in our previous report&**?and in Figure S4. LisCo /Bo.40; powder was prepared by
heating a mixture of LCO; and LgBOs in air at 650C for 10 hours:*’ LiCoO,
cathode was prepared by heating a mixture gEQg and C@Oy in air at 850C for

12 hoursTo coata thinlayer of LbCO; on LiCoG,, the asprepared LiCo@was
soaked in a mixed aqueous solution of 1M LiOH and 0.25M Lifd®30 mins,
filtered out,thendried up in a vacuum oven, afidally heated at 25 in CO, for 5

hours!®®

4.2.2 Materiacharacterizabn

X-ray diffraction(XRD) patterns of the materials were measured with a D8
Advance with LynxEye and Sol X (Bruker
The morphologies of the sample were examined using a Hitachi7® $ield-
emission scanning electron microscope and JEOL 21e(Fdmission transmission
electron microscope (TEMRaman spectra were collected on a Horiba Jobin Yvon
Labram Aramis using a 532 nm diedamped soliestate lasefThe surface
chemistry of the samples was examined bga}( photoelectron spectroscopy (XYPS
using a Kratos Axis 165 spectrometer. XPS data were collected using a
mon o c hr oma traydourkd (1486(F eW. The working pressure of the
chamber was lower than 6.6 x' 1@a. All reported binding energy values are

calibrated to the C 1s peak at28eV.
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4.2.3Preparation of the aBlolid-state cell

LLZO powder and LLZO pellets were stored in air to ensure the spontaneous coating
of Li,CQO; on the surfaces. LiCofand LLZOpowders withor without Li ,CO;

coaing, and Lp 3Co 7Bo 403 powders were mied in a weight ratio of 58:30:1he
corresponding volume ratio is 45:30)2%he cathodeompositevas mixed with

ethyl cellulose as a binder, abderpineol as the solvent to prepare the electrode
slurry. The slurry was then coated on the top surface of the LLZO solid electrolyte
pellet and the solvent was removed by drying at®@@nder vacuum. TheLZO-
supportectathode composite was then heaed00C for 1 hour in air. A thin layer

of gold (~200 nm) was sputtered on wigthe cathode using a sputter coater
(Cressington 108auto) to improve the electrical contact beteatbodeand current
collector.Li metal anode was attached on the otlee sf LLZO pellets in an Ar

filled glovebox to make the solistate battery. ie anodeside of the LLZO pellet
wasthoroughlypolished in glovebox before attaching Li metal anode in order to
remove the LiCO; coated on the surface. Theassembled solidtate battery was
sealed in &wagelokcell with stainless steel rods as current collectéos.the
performancedest at 28C, the asassembly cell was put in a 1 @oven for 5 hours to

ensure a good contact between lithium and LLZO.

4.2.4Electrochemisy

Galvanostaticharge and discharge of the-adllid-state lithium batteries were
conducted between 3.0 and 4.0%0v 4.2 V)atdifferent temperature3he
charge/discharge behavior was tested using an Arbin BT2000 workstation at different

temperaturesThe current density ideterminedased on 1 C corresponding to 115
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mA/g. The current density and the specific capacity waleulatedbased on the

weight of LiCoQ in the cathodeThe electrochemical impedanspectroscopyEIS)

tess werecarried on a electrochemistry workstation (Solartron 1287/1280l)
solid-state cells were fully charged to 4.05 V, held at 4.05 V for 20 hours and rest at

opencircuit potential for 2 hourprior to EIS test.
4.3 Results and Discussion

4.3.1 Characterizations of AGO; coatings on L;LasZr,01, and LCoO,

It is known that the lithium in the tstuffed garnet (LLZO) is unstablehen
LLZO is exposed to air and could be extracted to react with thef@@ing
LioCOs5.5%A recent work showthatLi,CO; canbe spontaneosly formed on LLZO
surface even during the synthesis process whesample is cooling down in &ir
Figure 4.2A shows the SEM image of the LLZO particles after exposed to air for
several days. The particle size is less thanmThe TEM image (Figire4.2B)
demonstrates eoatinglayeron the LLZO surfacevith a thickness around 30 nm.
The elementamapping(Figure4.2C) demonstratethatthe coating layercontains
uniformly distributed carbarAlthough no additional peaks other than cubic LLZO
can be bserved from the XRD patteoi the airexposed LLZQ(Figure4.2H),
Raman(Figure4.2l) and XPSFigure 4.2J) results confirmedhatthe coatindayer

on the surface of LLZ@s Li,COs, consistent with the previous rep8tt.
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Figure 4.2 Characterizations of Lio,COj3 coatings on LLZO and LCO. (A-I) SEM
(A) and TEM (B) images of the LLZ@Li,CO;. SEM image and elemental
mappings of C and Zr (C) ¢iie LLZO @Li,COz. SEM (D) and TEM (E) images of
the assynthesized LCO. SEM (F) and TEM (G) imag# theLCO@Li,COz. XRD
(H), Raman (1), and XPS (J) of thesynthesized LCO,CO@Li,CO; and

LLZO @Li,CQ;, respectively. The Ramapectrum of LICO; wasalso included in
(0.

The LLZO without LpCO; coating was also prepared by heating theeaposed

LLZO at 750C under Ar atmosphefer 2 hours and the TEM image and Raman
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spectra Figure 4.3) confirm that LyCO; was successfully removeligure4.2D and

4 .2E show the SEM and TEM images of Hsprepared_CO, respectively.
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£
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300 600 900 1200 1500

Raman Shift (1/cm)
Figure 4.3 (A and B)TEM image A) and Raman spectrB) of the LLZO@LpCOs
after heat treatment at 780 for 2 hoursin Ar atmosphere. The results indicate that

Lio,COs was successfully removed from the surfate&LZO particles

The particle size of LCO is arounct2n(Figure4.2D) with a bare surface (Figure
4.2E). The absence of the 4GO; coating on the aprepared LCO implies the
spontaneously formed 4C€0O; on LCOis too thin which is probablylue to slower
growthkinetics of LbCO; on LCO than that on LLZO. Therefqgran artificial Li,CO;
layer was coated on LC(8ee Experimental Procedureghe morphologyof LCO
did not change after coating with,OO; (Figure4.2F). However, the TEM image
(Figure4.2G) showdghat the thickness of tremated LCOs is 3 nm. Raman (Figure
4.21) and XPS (Figurd.2J) confirmedhat the coating layer i5,CGO;s, although the
intensity of the peakorrespondingo Li,COs in the Rama spectrum of

LCO@LI,CO;s is lower tharthatin LLZO@Li,COs; becaus®f the thinner coating.
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The exact amount @fi,CO; can bedeterminedyy thermal gravimetric analysis
(TGA) as LbCO; will gradually decompasinto Li,O and CQ above 680°G>*and
the resultgFigure 4.4) show thathe contens of Li,COs; coatedon LLZO and LCO

are 29 and 44 wt. %, respectively.
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Figure 4.4 (A and B)TGA-DSCresultsof LLZO@Li,COs (A) and LCO@LyCOs
(B) particlesunder AratmosphereThe endothermic peak at around 680s
attributed to the decomposition 0f,GO; and therefore the corresponding weight
loss is ascribed tthe released C{yas from LyCO;. Thecontents of LiCO;s in the
LLZO@Li,CO; and LCO@LCO;s particles are then daimined to b&.9and 4.4 wit.

%, respectively.

4.3.2All -ceramic LiCoO./Li;LagZr,0;, cathode/electrolyte

Li» 3Co.7B0.303 was synthesized by tlsolid-state reaction between,0O; and
LisBOs.2** All the diffraction peakf Li, 3Co /Bo<0s (Figure 4.5A) could be
attributedto amonoclinic phase with a space group € &ostructural with LiCOs.
The peak shifts from LCO; arecausedy slight changes of the lattice parameter

after introducing additional Li in theompound:*>**®Detailed characterizations
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(Figure4.5) indicate that.i, sCo 7Bo 203 hasa high ionic conductivity of ~I10S/cm at

100°C and has a melting point of 6%
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Figure 4.5Characterizations of Liy 3Co7B0.303. (A) XRD pattern of the as
synthesized LisCo 7Bo 303 and L,CO; showed that they have the same structure. (B)
SEM image of the asynthesized LisCo /B0 30s. The particle size of the adbtained
Lio3CoBos0O3i s ar ound 5DSE ofthe asyhiheside®lACoBo 03

under Ar atmosphere. The melting point of 4Gy /B 303 was determined to be 690

°C. (D) The EIS plot of an Auli» 3sCo7Bo30s/Au blocking electrode at 10TC. The

ionic conductivity ofLi,sCoBodOswas det er mi n&8cmaplodce 1.

93

11



In order to test the chemical stabilityldt ;Coy 7Bo 303 to LCO@LI,COz and
LLZO@Li,COs during hightemperature sintering process; sCo /Bo.303 was
sintered withLCO@Li,CO;s, with LLZO@Li,COs, and withboth LCO@LyCO3 and

LLZO@Li,COz;at 700°C for 1 hour, respectively.

A
700 °C 4LLZO VvLCO % LCBO|
* Li2.3C0.7B0.303 + LCO@Li2CO3
v
v v
; Lx_s ) .
g ¢ Li2.3C0.7B0.303 + LLZO@Li2CO3
2 ¢
2 x X *x ¢¢
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Figure 4.6 Characterizations of the interphaseengineered aliceramic cathode
electrolyte. (A) XRD of the compositesf Li, 3Co 7Bo.303 + LCO@LI,CO3 (12:58 in
weight), Li> 3Co Bo.303 + LLZO@Li,COs (12:30 in weight)andLi; 3Co /B0 303 +
LLZO@Li,COs + LCO@LiLCO5 (12:30:58 in weighthftersintering at 708C for 1
hourin air. Thesecomposites were bathilled with the corresponding weight ratio

and pressed into pellets before sintering. (B and C) SEM images oseism (B)
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and top surface (C) of the cathode compdsitgesCp /Bo 303 + LLZO@LI,CO; +
LCO@LIi,COs) coated on a LLZ@elletbefore sintering. (D and E) SEM images of
crosssection (D) and top surface (E) of the cathode composéted on a LLZO
pelletafter sintering at 70C for 1 hour in air(F-1), High-magnification cross
section SEM image (F) and elemental mappiofyZr (G), Co (H) and B (1) of the

cathode composite after sintering at %€r 1 hour in air.

Figure 4.6A shows the XRD patterns tife composites after sinterinijlo
impurities could be observed from the XRD patterns of all the sintered composites.
Although more carefutharacterizationat the LCO/LLZO interface are still required
to confirm if thereareany other produstwith a tiny amount owith an amorphous
structure,the absence of the tetragonal LLZ@ the sintered threphase composites
(Li2.3Co.7B0.303 + LCO@LI,CO; + LLZO@LIi,COs) impliesthatthe LCBO
electrolyte interphase could effectively suppress the chemical reaction and elemental
diffusions betweehCO and LLZO at 70%C. Note that aslight shift of the peaks of
LCBO at around 32 degree in the XRD of the sintered composit&ilsuted tahe
lower content of LiBOs in the LCBO solidsolution*® Therefore, 708 was used as
the temperature to sinter the cathode comp@sitEO@Li,CO; + LCO@LLCO; +
Li2.3Co.7B0.303) on a LLZO electrolyte pellet to prepare thearamic
cathodéelectrolyte.The LLZO electrolyte pellet has a thickness of roughigrh and
a diamegr of about 1 cmDetailed characterizationkigure 4.7) show that the

LLZO electrolyte pellet has @ubic garnet structure with high ionic conductivity of
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1.4710° S/cm at 28C and 8.2 10° S/cm at 108C, and a thin layer of kCO; was

also spontaneously formed on the LLZO ceramic pellet.
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Figure 4.7 Characterizations of the LLZO solid electrolyte pellets(A) Picture of

the LLZO pellets. The diameter of the pellet is around 11 mm and the thickness of the
pellet is around 1 mmB( Crosssection SEM image of the LLZO pellet. A highly

dense ceramic pellet was obtained, and the relative density was determined to be 99.6
%. (C) XRD of the LLZO pellet confirms its cubic garnet structure. (D) Raman

spectra of the LLZO pellet storedair confirms the presence of,000; on the

surface. (E) Arrhenius plot of the LLZO solid electrolyte pellet. The activation energy
was determined to be 0.26 eV. The ionic conductivity of the LLZO pellet was

measuredtobe . 4 23 n @ 0 8 2 Fcmrat 2% dnd 10T, respectively.
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Figure4.6B and4.6C show the SEM images of the cressction and tojsurface
of the cathode composites coated on a LLZO electrolyte pellet before sintering. The
thickness of the cathode composite is around 20 pmelEmeental mappings

(Figure 4.8) show the three phases are uniformly distributed in the cathode.

Figure 4.8 Crosssection SEM image and elemental mappings of Co, Zr and C in the
LCO@LI,CO; + Liy3Co Bo.303 + LLZO@LIi,CO; cathode composite before
sintering. A uniform distribution of LCO@ELO3, Liz 3Co 7Bo.303, LLZO@LIi,COs

was achieved in the cathode composite.

Figure4.6D and4.6E shows the SEM images of cressction and tojgurface of
the cathode composites after sintering at’@0@ he results indicate that after
sintering, the cathode composite turns into a dense cathode with LLZO and LCO

particles embedded in a LCBO matrixgHimagnification crossection SEM image
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and elemental mappings of Co, Zr, B (lig4.6~-4.6l) demonstrated that both
LLZO and LCO are tightly surrounded by the LCBO matrix. The intimate interfacial
contact between the cathode composite and LLZO peigar@4.6D) and within the

cathode composite (Rige4.6F) confirmed the great wetting properties of LCBO

with both LCO and LLZO.

4.3.3Electrochemical performanceslafL izLazZr,0;4/LiCo0O; cells
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Figure 4.9 Electrochemical performances ofall-ceramic LI/LLZO/LCO cells. (A)
Charge/discharge profiles of the interphasgineered aiteramicLi/LLZO/LCO
cell for the first three cycles 8t05C at 100C. (B) Charge/discharge profiles of the

interphasesngineered alteramicLi/LLZO/LCO cell at different rates fror@.05C to
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1 Cat 100C. Note that the profiles at five different C rates were obtained from five
fresh cells after one activation cycleGad5C. (C) Rate performance of the
interphaseengineered alteramicLi/LLZO/LCO cell at 100°C. Note thatthe
capacitiesat five different C rates were obtained from five fresh aeitk each cell
represerdd by one colorD) Cycling performance of thiaterphasesngineered all
ceramicLi/LLZO/LCO cell at0.05C at 100C. The cycling perfonances of all
ceramic Li/LLZO/LCOcellswith the cathode composites consistingindoated
LCO (LCO +Li3CpBo303 + LLZO@LIi,COs) anduncoated LLZO (LCO@LICO;
+ Li2.3C0.7B0.303 + LLZO) were alsancluded. (E)Charge/discharge profiles of the
interphasesngineered alteramicLi/LLZO/LCO cell for the first three cycles 8t05
C at 25C. (F) Cycling performance of thaterphaseengineered alteramic
Li/LLZO/LCO cell at0.05C at25°C. The specific capacity waslculated based on

the weight of LCO in the cathode composite.

We then tested the electrochemical performance of the interphgseeered all
ceramicLi/LLZO/LCO cell. The thickness of the cathode layer is around 20 a n d
the loading oL.CO in the cel is aboutl.0 mg/cri. Figure 4.9A shows the first three
charge/discharge cursef theinterphasesngineered aiteramicLi/LLZO/LCO cell
atthe current density of 0.05 at 106C. The charging cutoff voltagef 4.05 V was

used inthe previous report$*°

to limit the volume change of the electrode during
lithiation/delithiation.The theoretical capacity of LiCa@ithin the voltage range of
3.0-4.05 V is 115 mAh/g, correspoimg) to 0.42 Li per Co@ Thefirst charge and
dischargecapacitiesare142and 106 mAh/g, respectively. Tireeversible capacity at

3.75 V in the first charge process is attribuiethe decomposition of organolithium
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compounds thawvereproducedduringthe sintering proce<$ Highly reversible
lithiation/delithiation processewere observed in the following cycles. FigdreB
and 49C show the rate performances of theerphaseengineered alteramic
Li/LLZO/LCO cell at different current densities 100C. The altsolid-state cell can
still deliver a high capacity of 70 mAdeven at 1 CMoreover, the reversible
capacitycouldincrease to 90 mAh/g &t05C after cycling at 1 Andicating the
great stability of the batteuring highrate charge/discharge processeshould be
noted that the rate performances of the cathode compositensaseiredising
different fresh cells. This procedure allousto determine theealcapacity that can
be delivered by the cathode composite at different G vatbout the effecbf
capacity degradatiooverlong-term cycing.**® The critical role otheLi,CO;
coatinggon LCO and LLZO in the cycling stability is demonstrated in Figide 4
which compares the cycling performances of the three different cathode composites:
(1) uncoded LLZO LCO@Li,COs + Liz 3Cy7Bo.303 + LLZO), (2) uncoated LCO
(LCO +Li23C0.7B0303 + LLZO@LI,CO;), and (3) coated LCO with coated LLZO
(LCO@LIixCO;3 + Li23Cp7Bo303 + LLZO@Li,COs). The result shows that the
cathode composite with }€O; coating on both LCO and LLZO exhibits the best

performance, with a high capacity of 67 mAh/g after 40 cycles at 0.05 C&.100
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Figure 4.10(A) Nyquist plot of the Pt/LLZO/Pt cell. The insert shows the enlarged
spectra for the higfrequency region.RB) Nyquist plot of the Li/LLZO/Li cell. The
insert shows the equivalent circuit used for fitting. Ga)lvanostaticycling of the
Li/LLZOJ/Li symmetrical cell at aurrentdensity of 0.2 mA/crh (D) Equivalent
circuit used for fitting the Nyquist plots of adblid-state full cells. (EG) Nyquist

plots of altsolid-state full cells with different cathode compositeSO@Li,COs +
Li2.3Co./B0303 + LLZO (E), LCO +Li23Co7B0303 + LLZO@LI,CO; (F), and
LCO@LI,CO; + Liz3CoBo 03 + LLZO@LICO; (G) cathode composites were
denoted by coated LCO + uncoated LLZO, uncoated LCO + coated LLZO, and

coated LCO + coated LLZO, respectively. Open symbols indicate experimental data,
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while the lines represent fitted data. The values obtained by fitting the impedance data
are listed in Table R1. Note that all the results shown in this figure were tested at 100

°C. All EIS results were tested within tirequencyrange of 1 MHz to 0.01 #

Table 41 Summary of Fitted Data for Full cells with Different Cathode Composites

Cathode Composition RO (4§ R1 (4 R2 (9
LCO@LI,COs + Liz3CyBo:03+ LLZO 63 32 282
LCO + Li»3CyBp0z + LLZO@LI,COs 44 28 203
LCO@Li,CO; + LiysCyBp0s; + LLZO@LI,CO; 31 30 101

RO, R1, and R2 represent the area specific resistances of the solid electrolyte,
anode/electrolyte interface, and cathode/electrolyte interface, respectively.

The result is consistent with detailed impedance analygsie 4.10and Table
4.1), wherein the cell with LCO; coated on both LCO and LLZO cathode shows the
smallest area specific resistance (ASR) for the catbtmtdyolyteinterface. It should
also be notethatthe ASR of the Li/LLZO interface is much srwlthan that of the
cathodeglectrolyteinterface, indicatinghatthe interfacialresistancef the cell is
mainly controlledby the cathode/electrolyte interface. In addition, we also tested the
electrochemical performance of the LCO@1LD; + LLZO@Li,CO; cathode
composite without LizCy 7Bo.303 sinteringadditive The cell could only deliver a low
reversible capacity of 35 mAh/g for the first cycle with a fast capakigute 4.11),
demonstrating the important role ot kCy 7Bo 303 in theinterfacialproperties othe

cathode composite.
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Figure 4.11(A) Charge/discharge profiles of the LCO@TO; + LLZO@Li,CO3
(without Liy 3Co /B0 303 sintering additive) cathode composite for the first three cycles
at a rate of 0.05 C. (B) Cycling performance of the LCO@0; + LLZO@Li,CO3
cathode composite at 0.05 C. The cell was tested &td,Ginhd the specificapacity

was calculated based tdmeweight of LCO.

The performances of the interphasegineered Li/LLZO/LCO celat 25C were
also testedAlthougha large overpotential could be observed from the
charge/discharge curve (Figur®B) when compared with that tested at AD0
(Figure 49A), the cell delivere@xcellentcycle stabilityat 25C. Thereversible
capacity could be stabilized at around 83 mAh/g for 100 cycles (Figkg 4

representing the best cycle life for-airamic lithium batteries.
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