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Abstract

I t hoixuynglei®) batteri es have recedamwdkdr essganridh
nt egiesde the begi-hnreg oenthey taveet yo t he

heoretical energy density. These batteri
ubstance, which can be obtamoed &fbowr Gabl
attery. Despite tohxeysgee na chvaa ntearg eess, flaicteh isuen
rimarily due to the use of organic |iquid

eakage, coanbpulsehipsar ddddti onal |l y, ettdnle use
nogenerates | ithium dendrites that can pu

heritrcuit accidents-oxyYlgenc dtalh a ceea-h ;l6e has hic

structure designed to absogth eacteieyptag@ma tod r ica

di oxide and water into the electrolyte, a c
address these challenges, a viable approac
with an inorganic solid electrolyte.

Howevegqisitadi tt e -olxiytgheantutme r i es areph&sod | in t
devel opment, and severlalr kleggsd stpbebtinteaeckhe
o f the significant chall enges is the | ack
perfor mance. Addi tfi onaltleyfathe conodbte mbet
electrolyte and the | ithium anode must be

experience high reserpacpatcapampednancetent.

cycle 1ife.

Thi s thesi s hasabdteddafaféorrdte advannrssaa dléemr e s s t h

af or emecnhtailolneendg e s . flilhset undiyg hd rieg hptrse soefnt ed be

1

e

Study osft as @l i[dddtqherumbatteries bsdsad ke on
| e ct LioshAbGCE1SSiKP3xO12a n ldesalasZrialaosO12



Firstthley, synt hesi s and investigatisomt eof t w
el e ct-LigsbAtGe.&SikPsxO12 a n diicdasZrislaneO12 el ect raorleyt es

performéckese el ectrolytes weamcheasdmilae ¢ owi
cathodes tostanes digitdrs 8 ¢pd A yWigen uaredlolpse.d The S
LAGBI eclearsasmi ¢ materials with high grain c
Il nexpemms inae erri al s, and the effect of Si dc
LAGP gleasasni c solids was-sti aitve s tsiodsattehetdai T h e
l it loixymen batteries -Qissceenbd et rwa yteetdl kaA GPe r t
capabi |l itryr eantt Idewmsaenfiersma AHygydg ssrondtd el ect
LLZTO was successfull y-stanhe hodxsyitgreend ,mb aatntde r ty

assembled with it also showed a certain cy
vol tage wasi ntaeargfeaciaanld itrhppedance bet ween it
Further research isfheettedetoatdeodd opatcalsy
perfor masicet esoélie@ctrol ytes, and enhanrce th

el ectrol yt emsataenddhaeldselet s odke groundwor k for

i nvestalgang oinlsi s topic

2Studyi béayer NAISY CeOrN/ hy br ifadr ed teaxhsltealt o lei d

| i t hoixuynhbeaant t.eri es

The usageoxyfgdn thhatutner i es isnhpmp @taiedalusappl
factotrtgeriowd h| i t hi urmdeeeplhdyg e elsammabl e and ul
organic |liquid electrolytes, whigchltadbull d tlye
To overcome these issues, a-sbiatayetsoctgahly
pr op.osTehdeo pSid NAS/IpEON| achAbrGrlSy tPe @4 ct s as

an inorganic rigid backbone,r eatsiurg ng Whargrh
bet ween active oxygen and | i tPhoilewnh yad neondee .

glycol) met hyl et her met hacryl ate (PEGMEM)
l' ithium. The hybrid electrolytel AGBit ai ned

and PEGMEM, displays high ionic conductivit
Il



As a result, the polarization of t he Li S
substituti®g wuté BAGKRI| ayer hygthatahiebmctr o
oXygoeant t eri es usingSi PEGMEM@LWAGR e have an
di sciohmgge capabi Bgnofi mpBowdd cyclic perf
cycles, with a |imigdmd capacity of 0.4 mA

3. Study-batiemtag quredt ed arc-petéot msomdcéadnl hig
state dxXxytdemumbatteries.

I n tphajirst an i ntegrated architecture consi
(bs&ZtTsau, LLZTO) and a porous composite ca
higdror mansceelsita tl & foixympeant t er i es . The excepti

structure of the battery effectively di mi

Ssubstanti al number efhaset ibwansiarée®sat anbe
el ectrc@ad¢ hemiability. ConsequentaleyxcetlHent e st
cyclic performance (86 <cycles) and a super
cm | n addiyt iphm,t ol ectXRPI)dspéerrenscapyel ec

mass ropgme@DBEMS)and theoreofdeabi tal Euhati onal
(DFTaut henticate the effectiveness of this
performance, electrochemical performance, .
are amdtitca pfaaei | itate the psrodsdttditceahi umpl er
oxydant eri es andoxeyvgeem otah er) Arbeathablegly Sh et k¢
work solved the contact problemebptweent]| i
soisitchh e woimiytgen baéebeourtser a significant cl
high i mpedanbtedectrioéyte interface.- Moreov
phase boundarieg® amsdmp® i anngalLiy | imits the

el ectrochemical reaction in the battery ca:

Th e findings presented herein ma k e a si g

devel op mesnotisit chft e adixiytgreinunbat t er i es. The cur
Il



demonstrates the -polsiedt e alxiytgfeinu thialiirdi matale
highly promising energy storage solution f
warranted to concentrate on thethetfdmleinlent
state battery, as well as to enhance the e

system.

Keyworlddoixymen batdteates el sotlridl yt es, NAS

pol ymer buffer |l ayer, integrated cathode
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chapt erdepprtohv i edxepsl ocarnatiimn  of itnhtee rdneavt @ loong
arch progress in the field otstlaittehilunm hl:
eri esaiarndbdtittéehriiuems. Additionally, 4t emp
e-aliirt tbhiaumege ersreanteir@nynesxtor age system, hi
nsi ve resedr ch gnnf itcha nst-s naalseipae @i uw no b a tstod ri
| opment l i es i n -stthae e a eV eercd e nod rytt es f ok
ematicalfferiemtr ogpessodi el ectrolytes, wh
devel osmdarn te faoi fu msbod ti rdé hiee snor e, a compr eheil

l-aitrhilmant t ery system i s presented,ecateg:
oyed. This overview encompasses the rea
ailing chall engeBr awismog i agaend twhdde edichcec u

|l udes by providing researchgdi péctihossté
e findings serve as a guide for subseq

rstanditrad eofl i € dli iudn -diant tleat teesr iaesg. | i t hi un



l.1Rese®B8acghound

The i nventiinotner mfal t decreogmbhu€sE 5 iodh t he f oun-dati on
chuggingHewernemy. t he use ofcmahseyatredergyl s
gabBas |l ed to Iissues of resource depletion an
34 % of the world's primary energy st(a@ture
emi ssi ons, making it one of thHhdhmacorcaostegl
energy <c¢risis and environment al probl ems ar

I mperative to pwniogede®musil yondreevnaiad | g f ffircdieenndtl vy

utilization ap@Astamagesasrytsit@limsaspect of t h
storage devices with | arge capacity, high pe
friendly c¢thamaeftecstveby address the regio

chall enges of renewabl e energy. For a | ong t
based on secondary batteries has provided s
elceronic power equi pment . Secondary batteri
been widely recognized and supported by the

conversipd, s¢heme

The storage of energy i n batteries i s achi
substances. uTior etmeeentt st hoef reenger gy st or age, a
i ncluding thenudvatdferliietshi um 1991, SONY succ

ion batteries, whi ch, due to their hi gh ene
2



el ecita over the past two decades, surpassi t
Lithiounm batteries are now being used in el ec
research topic in this field. Howeveri t fiog
necessary to exceed the curiroenntbagneerrgyess taonrc

energy storage system with a higher energy d

—
=y

is stage. Therefore, lattisryraystaéemsg owietxIp |
density otnhdrathieni épmtbic@lcd iacr bttt dsruilehsur ( Li
S) batt er yarsey.sltfemosh @ dt he m, the combination
el ectrode and ednre caxyogdeen hpacss itthievehi ghest theor
i n theailrn-aipiumooxyged) (mafFt gdytyehows the rec
devel opment trend of energy-astrobadge¢ esystsgms e

the ultimate objective for researchers in th

The concept of using oxygen as a positive ac
i nstance, -apri nbaartyt eziirecs have been i n -auisre for
batteries began in the 1970s, with Abraham's
[5]Today, the need for i mproved energy sour
rechar geeiarblbeatLtieri es among researcher s. Howe"
needs to overcome significant ilRaddluss®.du®mirng
during the wearly stagesi omf bdduvelroop mematn yo fr et

skeptical about i1its commercialization. Si mi/l
3



Liair battery showedprtdccaeas st hoec caucrtruianlg riena ctth eo

mec hamrnisgn nal ly proposed by the researchers.
this is that a fundament al understanding of
occur durimgtbant arsy ecsmpenti al . This knowl e

commerci al-agnantbant efi &b.

Long Cycle
Performance

New Energy i 1 _ “i
Market P
I | P

Automobile | P Rl
' Garnet-like State Battery
Market
[ s . ) Cathode
Portable Terminal Gfeem Solid Organic Multicationic
Market Solution Rechargeable Cell

""" Anode Battery Battery

l High Capacity

Fi glhtlDeevel opment trend of energy storag

Oxide Anode <

The el ectrolyte paliay sbaat tcerruceisal Trraaldd tii m nlail I

|l i guid electrolytes, which have several dr a\
during industrial producti onh azaasr.déwe A k a gaes, ¢
fl ammability, and explosion. Additionally,

temperatures (less thdml,P@]AcCdoes greme e it ha
have sugogoemsstterduct r al ptod i dnet ead of an organi

greater researdmM@@®nd practical value



1.20v er wifevwSDdtlatde Batteri es

Solsitdat e batteries have a construction struc
commer ci alonl ibtatitiemi &$ gU-Ae as htbistnhibuamt t ery con
posi ti ve( RH)ence g aotiled d\tEr) osdeep lair qailio@ct r o¢ yt e ntanc
col |l pt.iDumr icrh@r gi ng, ' ithi tmomohbhe apesirteimoe e d

mi grnahtreough thesepactatohgtreregqatihielne cedlreo@atsr o0 e C

=]

egative electrode from the poBunidivecldregitng@
the | ithium ilensc aernboenddradatnn vtearnedhd lerad teuordne t o

positive electrode, and the &l ¢ dter s tgmaonad,

o

riimighe elcevitcemdaogh t he Reexptlearcnianlg ctihrec usietp.ar a

D

ltercol yte i n a dommveattitoemrayl wiitthhiiaucns o di g ei e
el ectrolytes, pol ymepoleymen robmpiesi tatngl WwhPRC:
fabric-atat eobnatlst esFhicgdBa i arnidg &3b[ 1,2]r espElte i vel

solid electrolyte witmatlkihgh h®aaiel toyfy Ihc aghhi b

ja}]

nodes o tshemtseolbiad t eri es mentioned | ater i n t|
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during charge (e)
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iy
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NE(-) SEI CEl PE(+)

during discharge (&)

Fi gl2Sec hemati ccdnagnameoiadarl H 4 ttthd ruine s

Solid electrolyte

Current collector

Li-metal anode

Liqid elect rol
Fig#&3Struct lmL @& omf b@a) erag otséehlt eadd t(hh)um met a
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Solsitdat e batteries have therfobhoweinhgomakthihi

batteries

Hi ghdeergr eseaf.®@ftGonvent iHioonnalbaltittehriiuens use organi
which generally use flammabhlgrapyl enonéacat o
ethylene carbohplt ec &Chaonniz imey BME, car bonate DM
t he Tsheael taddi ti on of these highly fHatmmarbyy ewicl

become disaster if thermal runw&epddaugngg,d wh

el elcytreoes by solid electrolytes offers Dbigge
fl ammabilityt Gbeadt fvéoBlYyat i | ity of

Hi gher potentiall nemcremyy ntdieama ltbyaltit thi e s, t h
application of I|lithéepmtmat aklcapeadtiioda swihtim

the high reactivity of the electrolyte. Than
sol ick renlley t e, it i s expected to realize the
state batteriyoon Thasktitneggr iles hasunan exampl e, keep
replacing the separator athodg estihtemtpd @lcy theg \ir tah
with Tithium met al negative elecstatde, |t hhi

batteries can ,badi hbeeawmasnd e nbdydpeyd % d d

A wider range of el &®&wt ngdéeomaher wadeoptiensr
7



sol i d esl eacntdr alhyet euse of | i-stthaituem braetttaelr ieel se catrrec
paired with -vaolrtaanggee ooxfi dlei gophosi ti vé rekecthi @dne

capacity transition metal s@gbkibid]Jdes to furthe

More simplified ba$%dlsitdat et hbiadttlere ede sliogm.ot
anslepa,r awlmirch can si mpid o d ¢antdhees epdaucckea gtilmeg per
i nacti veemdtogleidadlsso all ows for internal ser

out pute wesl taa¢gl.IIgl e cel |

Wi der operatireg r stCoompveernatiw n al ' i quid batteri
temperatures above 60 , causing severe deco
continues to increase, reaching 100 or hig

aldecompose, which subsemaetiaurye bemifbs mahee

contrastateobatdteries are capable of operat:i

making them suitable fpa8lse in extreme envi
However, it should byt@eoted tthatk-dthamatod aida k1
still faces icnhparl dveenngesrstcsoacfomdacti vi t,gnoft hée
promiimesmutelBe solid electrolyte/electrode inte



1.3Sol-Stdat e El ectrol ytes

As canfbhensttatdusr eseastlaten| sohidm batteries,
el ectrolyte directly det-stramie elsi tthieu b alsa tct grr
density, cycling stahosgtndhye opso sdthnegl o dii
bat tTenrey .pr act i c-abis# ehttieon idfha albd batheeved wit

devel opment of solid electrolyte materials w

1.3.1Devel opime 8&btlatde Ebkectrol yte

Theevel opmenft cdalsitdbregl ectrol ytoems c Zlonnaduknhows
loni c cosdwmmaadiisaplledst an be traced back to as
Far afdiarysitd yover ed the phenomEsnyosnf &ofila ti erm eitm an ¢
20t h century, with the successNi2&hdisacbiviemyi
condWbAb®( N@11A%)[ 2,85]chol arstatusempsetdi d el ectr

devel opment of secondary |l pba2fporeed the 163E

phenomenon of al kal:@ met al i onst hem ptoddy edafhy
el ectrolytes is no |lonfersolimiteldetdbr ohpt gan
ion conducCOd\r) (eNAXBr,ol2dydi]lei um f ast i on con
electf@bysesfi de[sxd]eASIODIENE | i thium[RaGHh el e

perovskite 28l|l¢edt odoli ythesam f&diSI CtoONp ec omldaicctt roa |
[ 29]and-tgpenete8hdwe yhesn reported, the prep:

to obtain high i oninopd aogmdgadl c tfiowi Wrng shdaasr2 dbiedcr,osnke e
9



et [8d] scovered a sifletBimiet Rl iecnirol garduacti vit
Y which even surpassed thedcdmwvwamgthito nmals elair
el ectrolytes tWhiwholpeurmseve I|hda wedeorntii afrudiZnjge g nc
researchers have gmoadualel ysodtiar tesltleactter ol @it te
appl i caantdi otnhsi,s t r i gggiewfgu |l tl h e | eafyf arot st hcef appl i ¢

el ectrolytes.

10



Tablll8r i ef devel opomisihdhtlei el ecyrof yt es

Year of Report Compositions Features Ref.
1833 A @S l on transp [ 19]
1935 L 4N Lithium-ion conductor [ 20]
1967 b-A O3 Sodiuntion conductor [ 21]
1973 PEO-AIlkali metal salts lon transport in polymer [ 2 2 ]
1976 N a «Z #SiP3xO1 2 NASICON [ 23,
1978 LiZn( Qe O LISICON [ 25]
1984 LiP S Sulfides [ 26]
1989 LiAsh Tsi (7Ps2  NASICON-type lithium [ 2 7 ]

ion conductor

1993 Lé. ba. Fiz0o4 Perovskite [ 28]

2001 Li. Ps G®. S thio-LISICON [ 29]

2003 L 4L aM20s 2 Garnet [ 30]

2011 LiGeBri2 Ultrahigh ion [ 31]
conductivity

2016 Léd. 84 . Pu $aCh. Highest lithivion [ 32]

conductivity at room

temperature

Af t ernga pleri od of reseaisicthtandipmidatnisbeavdd e havld

to summuaeg imei n performance indicators of sol

Firtsda ,i dnic conductivity of the solid electr

of thetastoéildi thium battery, which affects th
11



of the battery. 't i s the nmolsdctiTraploy iteinz e ptelr
charge and dischasgatgedfidhmamcdadft egoleisd th

el ectrolyte*s htooorl de vi€enadath0 1hG gher at room t emg

Secoma ,sdl i d el eotnrtaliynt dhimgehedchetma cal stabildi

of the | anbamd tmnetaaMoi d t he occurrenselofd sic
state | it.hilernt heeltahreagihes chemi cast het ahbli-let yy oé
sofsitdate |ithium batteries.

Moreowkrd state electrolytes require a wide
voltage positive electrode materi aslods,itdattheer el
|l ithi umFbhbathelr§dsel ectrolyte needs to have a
i s, a |l ow electronic-dtcentdacgaenaea,d taontpreakr

i mprove the systemFsthaillyidt ysl @efct t bkeytbad t e e s

mechdnisca ength to inhibit the growth of [|it
i ntegr-sbisitaaft eallli t hi um batteries.

Understanding the i on transport mechanism of
el ectrol yteisc wianrduhcitg hviiton The i1 on transpor
generally based opheéhemevwiaesrsei caals idn glfeu siiom |

one | attice position toFiagt4aglj andntcapobet doHr
12



vacancy conducti on, i nt-oefrfs t d d nrdedscptei cdtmiownegt iy o n
them, the iobis cloondealcy i valtytu€d utre toHe tdhrey sto.
the carrierncomnbdentarcdteElyan ia@nd ¢ mer gcyarg)i,er mi
respecheviehtyer el ati onsthl1p3.8p shown in Equat
s EN PP
where q is the chaf(@®i capmopadr tBikdB)likhBe stcdalhe X pef
Boltzmann kgAY, anfméd the ambi éKbowempievatuoe
energieecandilRrglRoncentrations (migratabl e |

favorable to obtain higdcorodiing ctoondtultd i ¢l &4y

di ffusion model, solid electrolytes with the
potenti al barriers, which cannot explain so
significantdry dmewregi eaxctarnwvdatdsubstantially hig

(e. g. doped LLZ®RBdamdhedphioCOMeg ool agkecabnsl e

model , tamatsiponr tmorddecddhsa miesem pr oposed.

Shi p8aRéd density functional theornygCIQDFT)
tends to dtmchemgeérmaedport rather thanAddrect
i b-LiPPel ectrolytes, t'bgymeabhsetfounhdanbhbportial
pl ane has the | owesf 3BjgulasepunepBidpneal gthae
the ion transport behavi or of &S shelriR®s of

LI SI CON, amidao mpT@atdalmaemsAss s hgpwng d-dbet here i s a
13



synergistic transport process when ions occu

a

nd strong Coulomb interactions between i o0n:
nergy sitgey diot éas ght emergreatly reducing th
| 3d§|demonstrated this synergistic transport
on solid electrolytes. The synergistic tran
S possible are introduced to t he hhiigghhe re nieort
onductivity can be obtained by greatly redu
he i on transport mechanism in polymeric sol
he motion of polymer chaion, sewgmeht s eiquitriks
egments to contain -GomeMNgilPar CgPOoaut®hdg uch
enerally high dielectric constants can fac
ol ymer matrix, iwlki dh elee[addtd htoeva& fo ins4ce t h e
oordination of freely moving al kali metal i
oordination sites through the | ocal chain s
ondtion within [ahd]The tswed enmaGpairssn suggest s
olid electrolytes can only opRtataechbeve ¢t
egment motion in thetambaphopsesl ymmgronon, sbhed
i gher iTonic conductivity, the glass transit
|l ectaocéypresferably reduced

14
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Fi gltd4Sec hemat iicoonf | [ adtoBatdglreect hop -memhani sn
concerted migration mechanif8®] (c) segm
1.32Cl1 assi fi caStiatne oHI eSootlriadl yt es
Depending on the material composition and io
divided into two catcetgrooli yetses pand menodocgamild
According to the chemical composition, t he
include oxide solid electrolytes, sulfide so
1.321Pol ymer solid electrolytes
Pol ymer electrolytes are wusually | ow modul u:
flexible batteries. The good safety perform
make It amandnpdaatpep hiinc aittison i ni é 3.t hHawe vmeert ,al i

15



room temperatur e i onti & iommmidluicttyy vntuwmper ,owp o«

resistance, and poor t her mal Fhaebiploiltyynen e esd
electrolyte is composed ofpsa amal yamer alnkaatlrii »
compl exed, which hasf ogomad gf |perkoncbellsBsvaBoyi | B & dyt. 6 n

—

2P1Irggitscovered thatf tplhod yedhyll exat ioxn de ( PE¢
sodi umogsfdddtms a sol i d electrolyte with ionic ¢
[ 40drmally proposed that-cBBQusoliind ereptrol e
to be usxtdatien Isatlitiedri es, which opened the pr

el ect PEOyts®s i d FeilgelGter md we erse ¢ eaitvteedn te xotne nassi vtel

-~

epresentative pol yntawesvoeri,d PePE@Gyisd ad yd @misy c
at room temperatur eat sSroodm stceanmpnedrod tyuorin® ac hi ¢ O
cm whiscHar bel ow t me rraecaauicradd awapll u ec ad u roin s .
crystalline melting temperature (~60 AC), t
conductivitysS cdam Theaefhas@&,d PBOymer el ectrol
only at tempe@erd@ur.ést2addvedbasetdopPEPmMer el e
various typesecftrpolyymsr as el iad sel being devel
polyacryl on[ 88] Ipo| (PAMNh[ohalt ol (yRG)i nyidciodene

hexaf | uloermg) HpBPVDE ] pol ymet hyl meft 46 catycd ah e (
same ti me, people have also begun to try t
components containdegeladtkagel meolay[msialTshe Isit @

type of pol ymer s oslupdeireilncert rparolpyetcetsy of t en has
16
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Fi gu5De fferent types of | inear PEC

Pol ymer solid electrolytes have been develo
breakt hroughg eicrelmp@nyd too tmamese of el ectric car
soisitcat e batteries based on PEO pobymBol ledbre®
(Franxe)ud.8nHo wtehveeri,pbor ne dmd u d toiwv it @fmptelr@ad a1 r @en
board banhtderises he system to bdediunochjonhé po
strength of the polymer solidpelgeetatolchtae | &m
for hi gsht asnafadtidg h enerqfyoldiecaset W at tgeernieersa.l |,

advantages of paoalyymn®s e Ind etrf@lcytads compati bil
processing,t amde n aw stehd sibtnde @y els-i ohi cmnawucti vi
room tempeeraastyurleydr ol ysi pr edenicaéet @afumasal tha

el ectrochemical wi ndow.

1322l norganic solid electrolytes
Al bei t t he eompylmey meenirte cddufichegh yd¢ lean c e doofe si gnnoitt i
guarantee zero chancentfoastombhbstioaorganic

i oni c conductor tmtat atmiotni g@ao lelahr atahast 0 mm o seefi f bel
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property due to mainly contain oxide and sul
Il ssues such as [H4pFoingiBne b wstirgniesi ¢me i onic
commo-nobhiinorganic solid electrolytes based
and halriedsepsect i vely
T (°C)
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temperatur e
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synthesis process prsegeaieda,ad\Whyi ccharirsi ecdo noduutc ii:
the materi al preparation process, battery m

encapsul ation, andf 5Impraddintgi oAt ttehy BBiaglettyh

el ectrolytes all owaf ¢ hepbdhafteomiyort mamae ndtaa mi |
of mper atur es, reducing the need for accessor
power electronics in the battery modahée, t he

compl exity ofTheecrbyadtteaelr yc pmfcikguobhyt ea o0bdnsek:
a primary and a se[c®a]dTahrey partiommaircy sattrountitcu rset r
t hrdeemensi onalxindetzwodr kp od fy hcedr a. The secondar
wi thin the pdoirneesn soifontahle ntehtrweoer Kk and corMsists
unoccupied sites. To move from one site to
"bottlodnddk" oxi dati on pol yhedrya nlgi efhrtoam O a b t i
Three of the most common oxide solid electr

perovskite,y,@ASI| gCarinee te | ,e crtersop eyctteisvel y.

Theeneral chemical formula of&(A #eCa,v skri,t eL as;
Ti,)etehich belongs to the cubi e yyprei tatoansl a
generally at t he apex -taynpgd ea todtnhse hazreeo tiikrr ¢ an
remai ning oxygen-canoetms eadr poismttiloea.f doet hi s v
thecd@rdination center, andaortdiendtyipen Bc en toems.

are introdvaédnbydbpti magaducti on of | ithium io
19



l ithium content of the compound, but al so i
|l eads to the orderingt-axii $whtihcihung rieoantisltya ni dintvrae
lomondugtiimi this direction. At room temper a

octahedral bottl eneck ABpt med hwdokygeni at oms

vacanci es. The octahedr al bot-dl ametkr canar de
el ements and al kaline earthiehecomenntdsactihet el
present, among the discovered perovskite sol

So. k& Fés0 whose body ion EDcnnlwictth e alyl ilsi taliou

conducotfil vkt 0¢ m5.3] The most significant probl
el ectrolytes is that tetrreasuwullteend g.ctiilirtmannaidudnn tri e
t he -tleornng st orage stability of perovskite sol |

(¢

t [ ®HM7rleport edr ac hpoemredvisLkii t e with @XgéKeraCl f
Br). In this structure,fliheiomtabedronocapt
oxygen -siiothes) (aB t he center of the wsctahedmson
the center of thenaffidipppaledkon e TFle i d- el ect

rich el ementshtanadvot & ghb &tbhlwyeiilgnt hciounn& &t c triovoint y

—+

empeoftoCil e as@ ColsBlsiar e as hi ¢g°Sceand. B5%4cin010

Y respectivel y. FurQHXe rwirtehs eaanmr cihn vf eorusned pt ehraa v
al sosebde aus a solid electrolyte, and it is al
anions for hydroxide ions resul tcOk)Rw Cldampoun
The el ectrochemical wi ndow of Hohwestddegdrisd el

20



principles calcuwdlatmaysde nadampgad e, tpgheartd W8k istt &

solid electrolytes and the i mprovement of 1io0

NASI|I GtONpe sol iwvafsilresctt rpaloyptoesed i n 19761 by Goo
is based PAAeoNadr sol ution wi tohypg@®rot ifalr ar eap It aha
di mengqi3d3joadi um f ast ifoni c conductioSiPsxMizt h t he
(00x O3WMN@aZ#8iPQexhi bits a high ionfScdabndaomiv
temperatureaang800. AC[SwdhmnT& =NASI CON solid e
a covalent skeleton structure consbstahgdoa
andJBOt@t r arheedomnmect ed at c @mroenl.deaoimaisde s t o
vacancies are | ocated at t he sdkienheentsoino ngaalp cshi a
formed byAshsebdwmgap®ASI CON el ectrolytes exis
phase (sp&8xe acrnadupmoRocl inic phase 589dpace sg
commonly bel iZaeSse.@ ¢ hfait biNtas a monocl inic phas
and the remaining conpopkrass| 2XhudbdDdt &dd Jhe x a
change in tempreamastioriebdmre aphasaennd twhiernt utrfree t em

heateddd3® K20t he monoclinic phas¢g 6tlir,anmes2flor ms
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Fi gUtCr ystal structwpe oIfcdStArSd ICYOtNe

Zhaetg [8lrhvesti gadtiesdt rtihbeu tNaon i n hexagonal an
on molleerc dynamics simulations and Fhel8naxi mur
Nal (6b), Na2 ( 18ex)ii gantdh eN alBe x(a3g6of nfa |c mp heasd ¢, w
occumpy sites, Nal (6b) and Na2 (18e), and | ¢
hexagonal phase, a slight distortion def or ms
structure, at which timeethhesi N@2 a8 &N)a 3s i(t8d )
(36f) splits into, Naelsga8dDthyiewmeldy Na & fhEyagyctee
site Nab, its -emerrgayt i Man diot & heean oo f set part
mi gr dtridoine -ed ®erwgy Na si-edareertgoy tNae shiitgegh based o
transport mechani s m, t hus reducing the i on
monoclinic phase tends to have higher ionic

beemicar out based on Nhs8iPRerd ecltBmdgupkrasé o
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appeal i ngNASIaQ QN eesl, eodtuliceniimmgse s ept i bl e t o the
andOHpneseachei gohfer air stability, eispHialmect
il on mobility number, andt emadkeelml e@ntvestyalpirloimt y

el ectrol y6.8] materi al

Fi glt8Neai on probabisutfyadesnsiyegl icw) of (a) ri
and (b) monocl iab ci MIASII € OMNo If e ouml ar dynami cs
maxi mum neentthroodo y( NBEM)en regi on, | ight purple r
Zre@ct ahedntaet rSal{egrOa and high engBgFgy site

Ndi n :ZN8iP@x an be r edlosnmse dbkyailni NASHGENN ti Wdp e

electrolyte. Howdavars, (9DimdBetjh)daiasddismals| € 10. OF ¢
the direct ifinnrtodulkéi bnglhfcoaodwdi hatiasn!| posit
coll apse of the framewockvettoctLur erawbBpoht.i

conduct i StiPy@.mdt aliined di-pbasky i bp ewkthdnge
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temperature molten salt is thr&£aSiP®@.delrrs toHi sn
case, suitable ions can be uspdobpier aeprl chicrea tt
environment and stabilize the framework str
conduc[td4ivm t § 98 %,t [pPlppepared a ypPARASHGEMN iswm i d
el ect riaddb ¥st ePsB(ial so known as LATP) with-a higl
S damt room temperdaur@0oa@andcolwon&pidihcdopgi Ag
it with an appPfP'®Gumhisetqga eanrmhd ye ti [n® PO, Ge\ba @ d

of 7Zral so doped with &h &pm@pNASIHGIQAE almommitu -
sol i d el elebtGeqdPyat(eal Isio known as LAGP) with a
conducti vi t%yS ofMNASI4GtOND & © i iosnenl i d el ectrol yte
include two main typesthéeéATEnda'doydAGer bBbwe
reduced at |l ow potentiypled hioamsl il @ delt ®c tNrAaSII yO
unstabl e tot hhuist hlhienmatpspt atati onl tofhddhebeerlree
that the use of solid el ect(r®el ¥y tneosr ec osnttaabilnei,n
are stildl repoavit sl thlasoteeaatvawienh | i thium a

bi vadeent

Since Thampa@Bilrymdportedt epesodadneliaotf Bl yt e
= Ta, Nb), it has received much at teelnetcitorno ddeu
and its wide el elcnt r0kt7e, mitM[e8|b6.gva madcoemd M wi t h

increased the Li contgperat elod@tOobgbhebiLkmoewa
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LLZO) with a higher #8ntat cooadmctlesmpsehycavions ridn
Figi9,e LLZO el ectrolytes can be divided into
growpadd) and the cubBd)phaséeh{smaegsgtespnl
i n the tetrahedr al phase, with Lil occupying
position 1l6dctianhetdhhe@al orgtalpo and Li 3 occupying
octahedr al gap, showing anf ofrjdec endt rda stt r ithhue
di fferent sites for l' ithium in the cubic pt
tetrahedr al gap and Lifhececapgnhgi ¢thectOé&hegr
l'ithium ions show a disordered distribution,
hi gher 1 onif &.B¢canbd uaiftziavthigoywr ubi ¢ phase at room
t hkeey to the synatslkeasied eacft rblLyY®es with high i
noti ng tthyapte gealrencettr ol yt esa ntdgOnHi nt @ hree aad tr wvaintdh
LiICQi mpurities is generated enitheéhsurfacéjn

el ecf6.8pe
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1.602(18) A

Fi gl9Cer ylitsttér uct urfe6 60,f a71]ZO

Sulfide sol bdl el éetsol ydesl ectrolytes are de

by replacing the oxygen ions in the oxide wi
a wiadmrercdnducting pathway. Il n addition, t he
weaker binding ability of ' ithium ions give

el ectrolytes tend to exhibit higlheaot r[idllytce o0

33] Meanwhil e, sulfide solid electrolytes h
el ectrolytes. Dense interface[s6 X,analblds eaarsei | )
receiving increasing attention today. Sul fic
types, binary sulfide and ternary suflf%de, a

Bi nary sul fidesedar dsyniad nd yLis¥aNad)eaandnaPer i al
ternary sulfides apSe (MMi=nlkPasdhaNi@esH Sed Gg, N

or MX (M = Li, SNanceX s=uldli,deBre,l elcg.riond ryd = swit tel
26



weak bongly,ngt eenewrast majority osfpooul faiide sg alb

and irwiaicgt®@0 Ho fSodmrslHThe sul fide raw materi al

to humid air, so the sulfide soloiredetuegterrol
atmosphere. Nowadays, in order to i mprove tt
partially or even completely replaced by oth

obtained is greatlByssedh@nEEHNdSWLHN.39ds Li

I n 2011let Klahot hesi zedultfhied et esrmlaifdg-Bei ich g ol y
LiS, LHed8fsdnPer argon at mosphere, andgliites cr vy
The 0PQGep RS etrahatear ahe & @ac taanhde dir BBstkend mt an

structur est edamdhtelde aLia$ positiosisddwday anal g
caxis to -diomeln sai oonnael zZigzag | iDukRi um itcdhre d sro
transport ofi6leiBtd ma ms ti rontsens ¢gdn rwlotmr & emper at
conductivity, oWwhilc2h mS ctnhe fir st ti me that

el ectrolyte has surpassed that ndéac at ilceoghtveme
However, t me oif hilt@&aoddsu cttd ot heirGeMBstt@abli i § hiyumf me
electh®edéewi@BesB sblaised battery assambloed sty Kad
me teadlecwr odehi ghEmhempoefteme,i atlt hteh e mpnrtoevrefneecnita lo f

LiGeBsLi i s the 1bedtaos edsadaitizézedblait t er i es.
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b (Ge/P)S, C
LiSg

1D chain Li (16h)

(Ge/P)S,

LiS, (O

8i @s 'Lisf, A Gers, s,

Figlr®rystal syplceheil £ 3al

1.3230r gainmer gani c hyd®drid electrolyte

=]

organic solid electrolytes exhibit satisfa
but their dpplelegeadtl acme ameé er faci al i mpedanc ¢
contrast, polymer electrolytes have the adva
i nsufficient aitonrioco nt otaedndpceprbastiutryee c hani c al str
the inorganic and polymericd etleectonsty-t est siy
organic composcomprdm®mand aolcywtneduct @ vi tagnd mech
interfacial psbaperomygsing taechnol ogi cal st
enhancement of el[ercat]Ool g thhea node,r f ppalmamecres ar e

mechani cal flexibility and processability,

electrolyte and el ectrode, thus reducing th
28



mat erials canza&cts 49 g eldiud eplpadtyimeir crystall
di ssoci ati on, enhancing t €er rceomtdluyeptrigvamt ycg aor
composite electrolytes are mpPsEEd,y MEREh almR @©,a l
et c. ) aind-cicommrugan ng i ner tJiaGAL@2w@ ; m&eBri al s (
etc. ). Hybrid el ectrol ytesamiaa dmmd@podryynmeer i siu
cer@&dmidkcepending on the ratio of their conten
l i t Wiosnannducti on. The former i on conduction p
and inorganic particles ,ahe la¢edetonpnopplypmd
mai nly i n the Il norgani c sol id el ectrolyte

percol ation, and the pol ym&r, i76]Jused for ele

14L1 t -Aubwx ygBaf)teri es

1.41Devel opimebit-AhBaitnt er i es

The conedapt boaft tleiri es was first i ntertgfddzled ir
using an aqueous electrolyte. These batterie
el ectr odeel/eacqturecoluyst e/ oxygen positive electrod
shown that the di schiasr glei tphrioudnu bsauspoefrnotxbi pdsen baant
vol tag8.\WWdx Ri.@AI tvienrgy hi gh theoretiadlitédmnemgy
met al S very active, t he reacti on I n t he
accompanied by more side reactions, resul ti

corrosion offebuthiomemet al Ipioloietry . ofTflhiehef bae
29



batteries did not receive much atteéntil@®6frrc
Abrakanaodi]irst designed a stadalie dacordagyr ysi
pol ymer el ectrolyte. The structure of this
el ectrolyte/ carbon positibvasetdegelt odeo.l yimer t
replaces the liquid electrolyte and separatc
positive and negati ve leiltelicibamoanddeusc td md .a sT ha ome
studies, they detected (tk@pdupgiemsienched roges | u suihn
Raman techni ques andf icnoanbcd tuidoend pracacke Ictlth. i csWhiésin
the surface curr emnt tdheen ssipteyc iwfaisc Oc. alpnachh tcym o f

1 but the cycl e nrpervoevresdi.billni ttyh ewafsolnlootwi ng de

omiaibratteries, a breakthrough in cycle stabil
t he r edeadabratht emi es f el | into a period of atr
I n 2006, BrwocrekledrBsfl p or saeidroac ellil assembl ed usinr

| oaded with a mangamésguddoerilieetcat gt gst gl Bi

met Bl g @§1k. Uisn ngga$ 8 spectrometry analysi s, t
' ithium peroxide inside the cell aonfd | si htohw eudm
peroxide is reversible. At the same ti me, th
sti || retained after 50 charge/ di schiarge <cy

batteries could not beakyblredghand aghbiewgng

t he r e deaaibrathtesmti eerss | ntboootnmiengp.hase of
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— O, evolution (m/z = 32)
---- Li,O,/Licell voltag
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FighrBchemati cadti glpiOdmlt afeirgbess evol u[t7i8]n pr o

I n recent yearPset erresCG aBrrcuhc et'esangsr oup ang Yuhui
of St . Andr ews, UK; S. Gowda' s team at | BM
Goncharenko'"s team at PolyPlus Batteries, an
Materials Division of the Universityhedfl "Bayt
team at Toyota Motor Battery Research, Osamil
team at Mie University Department of Chemist
University, China; Xinbo Zhang' €£mgrsdupy,atChCm
Academy of Sciences, and Qiang Zhangusdgtrbae
worl d have also been woaiki nlgatonehy gtheealeo gme
For example, Wi th the corst denbudlieacdtsredaleycthe wao
of the key factors abhfecbangedthfglpepbooedntle
the electrollitesFQbéds TEGDM&Eecayed in discharge

at a capaci tly Kubeotk[a8l0.gpdr Aed ghat the -hydrop

metBgettyli mdazolium bis(trifluoromethyl sulf
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of 5360. mAakdgsidgported thhasedbymet hgl enero
f oLrfaibrat t eri es can be charged at | ower voltag
l ed to a signifi caoxty gdeenv el aotptneernite so,f whiitchhi uhma
cycle Iife and multibptit®amelsteapebhieo bhplaiace agtk

aibratteries are becoming increasingly evident

1.4.2C| as s i foif c dtitAchB autmt er i e s and The,]

Devel opment

According to thesdué&bearte¢eetri elsectamolby di vi ded
apromormqueousLidibrgujtad ¢ dtiasi r bahtlbiaiprdat aedy

Sofsitchiad r b,atdasersHeswst 2812 ] The reaction paths
ofLiaibratt eri es.Sairnec editfhfeerreend¢e-ar ch bhot epots, of
speakiOmgatltieri es, apretkectuoégtensystems, thi
the current dev-aiophmantestasuwedDhadigmanicted
further extend to aqueous electrolyte and hy

Ssoisitchtaebrat t er i e s , 6k elylicafls talries tthleesi s .
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(a) Non-aqueous liquid electrolyte o . &FLio, (b) Aqueous electrolyte

2 o"/“-;lg,

Solution mediated
mechanism

Surface mediated
.. mechanism

Fi gl Becrhiasmsiaof batt er yy weesl heoctt iff f& 2éeyrt eenst

1.421Apr o it hdAuBat t er i es

The struct-are battdetyniius si mil airon obdthtaed r o,f

consists of positive electrode, negative el
l'ithium metal negatuisee alsedthr ode, which has
capacity. The positive electrode usually con:

and catalyst coat eds emarttshted mmd rl seecd oirn yarmei ar. g
t hiag | ocated between negalth e eelaenadt rpoolsyitte vies e

el ectrolyte such as carbonat e, et her, di met |
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aprofaic kiell (as 2hb8vn @mrsn by eatrieadmx X eacti on
oxygen and Oxylgemmrmewualkti on reaction (ORR)
proclessthi sherbiceBsumtin the negative el ect:
l'ithium ions whieheatmehgbeas®Btei ppootubeposi
di ssolves into the electrolyte for r'adwnstion
in the electrpl yvina tthef dimabeldO.adlter f sirt h

t ransf ofrhnea tcihoarr.gi ng processevobdmuncaeaesmoods (| O& RY) |

t his hiOgicseswss,ed as the starting material for
resulting in theFfommabooe ofatcitiandm@&chanis
the oneahmanbatteries store electrical energy

mu ksttiep compdvaaa ¢ @ saud lidiod p h a[s8&Bht]Jr@m stitae omt her
the positive electrode materi al does not par
a reserve site for the f or matwhoincaha sidsmdieea o mp o
mechaof smug¢lB6¢cEIBYHI S howlse schematic diagram
principie bhtLeries and the electron and i on

process

e+ 0 O 1-2
Li+ O Li O 1-3
Li "+ lkelfOLO: 1-4

Li® LY OkQ+ -0 1-5

LiOY © 2e2Li 16
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LiO,Y Li+O+ "Li 17

2L kG+ -0 1-8

Discharge

e

Sty
ob ¢ f‘?ﬁ'-’l_)(’_)
) LB'F.}',J

Fi gUir®chemati c dwoargkrianng opfr-alinincei lpd tet er i e s

Organic electrolyte has better | ithium sal't
with | ithium met al forms a solid electroly:
interface, whichomitightaem mhbeatotooaioartai
still S o0ome probl ems t hat cannot be il gnor e
chemical/ electrochemical stability during cy
bywroducisadehaoxkhgenithaodsmpbdbusi and Secondl y,
has | imi-tadrypykggenapacity and has dgirfofdiucul t
(i thium), pevihdoxihdeconti nuously aetemtliradesi oM
bl ocktalppe saft i ve xglgent rcdndeal m € t hdmi mfdf oufsait vei,t y esul t

i n an increase in the overcharge potenti al
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battery. I n addition, taltcd 1 OBER I prt dd eisns sq@ree e
radicals, which haMaisirandgacki dati ¢m qabidl et
and generate | ithium carbonptedudt ¢,hi luea diam
fail ur e-oxfygletind rlbiaaism wi t hi n|[ 8Fs gt £ | tysht e at e me

reaction principilae rofbad tteypyi dalr i aagr athiac gliing

Discharge

Discharge

,;‘,,L i

I three-phase reaction zone ]

Liquid Phase

1. 0, ( ‘ Solid Phase
ee = .
g — €3
Li - e L
Lithium Oxides
o
€ Solid Phase e

L
wes
Liquid Phase
I two-phase reaction zone l

Fi g4 REDOX part iatpiroortaiinwo dileid 8 & porri e s

1.422Aqu e biutshiAuBat t er i es

The struct urieibreefrtya gcuoenosuisst s of three major p
el ecsepdapdoaqueous el ectr ol yftreo,m aEngtk® aphodsointsi v
1-10 during discharge, the lithium ihfitomes neg
and mihgemat ¢ he postiadaifver mlleictt ihiewm xhyygderno xaitd & .h e
el ectrode undergoes reduction to form hydr o>
hydroxide occurs as thei seéeaft itomeg anap && .irald ap tni

Li Y+Le 1-9
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O2+ 20 H+ Y4 4e " OHL-10
The discharge praidruch atotferaqueloiutshilim hydr oxi
electrolyte, which enables reversible format
circumventing the risk of Dblocking the porou
the posssabrl bayteftyLcycling. However, due to
it 1is highly suscepti bl e otrce,r daicet bwvaittthertyhey
accompani-kids cohyarsgeel fof | i thium met al 00 even
YLi OH +2 1/ 2eBHulting in |low coulombic effici
practical a-pptirbeaetst. enl noforldier to solve the a
approach is to introduce a protective film |
contact of CQasrist{ Jaugdndaswater vapor with the

appromcth ideal due to the | imiT.ations of mat

1.423Hy br i-Al Batteri es

The hy-brrdbhttery useisnorgamiad electrol yt e,
el ectrolyte combination a¢&i gltd 6.T¢hcet roorlgyatne c
electrolyte |l ayer is in contact with the |it
' ithium negative el ectr oddei.r elchte caognuteaocuts weiltehc
to organic edect balt yteaailrst hahtytmerriide sLihave a ¢
First, the use of inorganic solid electrolyt

can effectievelsy oavoifdlthédium negatCQve e¢lhectr
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air, so thaati rt hbiast tteyrp/e coafn Lbie charged and di s
Secosndn,ce the reaction product is |ibohyum, hy
the discharge product of the battery wil!/l n
battery 3$bhestaeiadbhbhat ages -anak ebdthteercyo mbne edf L

future ener gyl hhet oreaagd | deavimeesh.ani sm of this t

a fuel cel I . I n the discharge phase, the ne
l' ithium ions into the organic electrolyte, a
hydroxide ions by gaining electrons in the a

d

Li* Aprotic
Electrolyte

]
=
7
p—
re
-
3
=1

Fighlr®chematic illustrataiorn E® thprbireasd el

On this basj994Zlopwsetd ahd désdMPpbadya thegui

structur eFiighr&hiokvtne imybri d el-actrbhytergysteh
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LiOobattery also consists of a | iquadaodEelgheeni c

organtcoleyee i s separated from the aqueous ¢
di fference is that iIits aqueous cathode sol ut
fl ow.

I n summary,-at hi bahybriydchn eufni encetg avteilvye perloetcet
avoid the discharge ptreodaicttisvd relme dtl rocke .ngTHh
probl em at present I's that the inorganic so
el ectrolyt ébyproddweatwds segenéreat ed by it s pdcdecomp
of the battery. Ani tthhoemmpn d bhet i vhiatnyd , ¢ft ate@or g
el ectrolytes i-badedni ekdc¢ct amidy tisevahainudru cht ihviigthy
hilgh adswhipe¢h veannot b eaius ebdatutmd riigalsr.d ev e.lio p n
soisitat e electrolytes with high ionic conduc

i mproving the pgpéaomalbme t@fritelsi.s
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I 02 Mz*

I OH- M(z-n}+

I Energy storage
Iy & Chemical Reaction

______________________

. A New Type Li-Air (O,) Battery

Figur@chematic il l ust-radoainrh)io(fltagXsepw type

1.424S o0 |-Sad eAilBatteri es

Solsitdateaei rLibat taedirtelsses c @ asfsentkys | eakage, vol at .
fl ammacbhausietedy byaiarprimat tcerLyaiandbahytberriyd wiit h o
el ect.r oAsy tsdhdogvinlr /& r6 b kit ch tagbraLtit ery i s a new typ
repllacqeusiedct r skpbwiattloda safe and stable solid
and chemical energy desemolpaedit®eldarnt dhe oanngdhh a&amg
positive and Kegnptairvea eavlieé ht mo dcosel colliguied eelt
usually has bett@mnhlingehcehrang tcabi Isittrye,ngwhi ch ca
l ithium dendr iotfe so x yrgeednu cseh utthdel graiggsrkdo at hé eV et

power density and rec-gpththbbhrati tgri ¢daurc¢c aer mpect
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temperatures and have good thermal stability

Discharge P —
—_— Charge Solid-state Li-O, battery
Li; 0, - 2Li* + 0, +§&

o~ Charge

\Discharge

2LL5% 0, + 2¢” & L1,0,

21410.32313 pijos
® 00 o0

vy
Li  SolidElectrolyte Air Cathode

Fighr®Bchematic il | ussttart@tbiddfi ®6¢f a sol i d

The worl d' s rsdsader-a@lihirt dimautstod ri ide s s tseoriditeddt el at
l i ttoixymen battery was pr ¢@®@#rpsed | bwrsKaglbdade de ti na
they formwmeadtae selpPE@daALoBEWItpPol ymer film and
prepared the positive electrode with carbon
assembled with | ithium met al S heeisisch taea rhi s a
bat Tdrey baan ebey deihsacrhgeerdgead 0. 2aan d5RC06 28 SmA C
The discharge and charge capacities ata up t
addition, the battery -6t8pAGpwi aheai df sgblege
or more and maintain some reverismprndvead.t Ba s

anode by udbpgdnicarbganpowder as an anode c:;
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vol tagel 7] 2.5 V

N AN\ S
7 @ 7 4
N
e Li metal Y
PC Carbon + GC |
= 5 . (LiO)
S Li —=Li +e
=
Lt — Li' — — Li’
Anode Electrolyte Cathode
Figur®chematic il l-Gcseet &t repoot edheb]yL Kumar

I n 2021,] 98w peotr taeld. a hi ghisy ag teaailire Hifiat etderrtoyll © € s
(Figllr% &8 n which ani ahtcanducacti omi@gpchanhpeumeol i
membr ane (Li XZM) -sitsatues eed eacst rtoleytseal iLd XZM ha:
|l ow el ectroni c consdtuachtiilviittyy, t ca nasdre x\Neeadnl wehn tl he

carbon nanotubes (CNT) are used as -dthaet € altiho

air battery, which facilitates the reductio
stabil itteys ceff fzeecaliivel y suppresses the degrada
or air action of the electrolyte. I n additio

i n ambi ent & hceo ncvoenrmptd ioendad e éLIi s ¢ olnetcatirnoi lnygt eosr.g a
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— CNT cathode

C— LiXxzm

— Li metal anode

Low
frequency

High frequency

Figbr®chematic of the iitXZQgM aard tShSe AcBo nvd u

mechanism of[ @8] i ons in LiX
However, further experi mertial irndsulftasni sathcew otr
solid electrolyte and the electrode | eads t
conductivity. I n additiontatteh el iibmattdrerdles s ta
compl iacnadt etdhhe mechanism is stild]l uncl[&®&r, wh

101]

143PosiBlievcet r ode -Aiomr Battthe ruime s
Based on the reaictibat peiinespltehefaiLi el ectr
in the el eettoohsemountlayy a reserve siTthee faoirr t |

positive &el-a&ictrbdet efy ahas four main functi
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di f falsarwvreel s so that oxygen can reach ntdhe el ¢
the air positive electrode provides the site
resulting discharge proldiucd, utsuadhyplay haua
char/ggii sghar gi ng-aijpr obaswiedoifreg.,it lpsgod a ctthiev er esaictte

Finally, the use of different air electrodes

The type and structure of the air electrode
energy density -aind ltgtctl @ mige 3 ,cfosmoswddtefross|l €ati
Liaibrattery positive electeobasimatpeproptdsdt need
Good electronic conductivity and iPonic cond:u
rapid oxygen di f fiunsdibchaatteThbeeppernmmeBedbehneli
the perforamanibestafed)i With | ar@8Sa&ngpdekcpdrias istuy
can accommoddeaties| f d omeacti on. 4) The el ectroc
are stable enough not to react with ®Bhdereac

reactisdn With a | oWwl@®@Muyfacturing cost

Carbon materials are widely used as catalyst
cell s,-idn thatwtmeri es and el ectrochemical sup
el ectrical conk 10y Rtex ®mamwmthy | a@mg dloav emali @een a
wi del y asgiurdi elde ct rboedceatnmsaget ehraivael st he meri ts of

conductivity, | arge specific surface area, I
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And ¢tamayt al yze oxygen reduct i ean rd wraitnge rti hees ddi
presence ofTHefeotiregptsiesegesarch on porous el
materials syntheBorzzedxampht bhen | mddNeTrsit gordrayp Is el d,
SupeKetP,en Bl ack2, Vhd tkha, XliCatko@NETar bon fibe
have bearsewi dhenlelg { 1 g8t ddong t hem, the holl ow

grown directly on the porous ceramic substra

(@)

f tpdomomgy of the recrui twaelnlte ds ucrafrabcoen pnraondou

o]

hi ghly ordered structure, which can be eas

products and to observe the growgé pniodddetsn

(7]

i.Guapihased materials h&8S8SA a Pmediixiul podg 3

el ectrical conductivity and certain catalyt.:]

(@]

apaci tayrofbgtlil®i)lzeso | @1i@rljelp.ared st adkidodkescar |

~

CSTN with different surface paiopelcaitdordfesr

anadbserved how the discharge products were d:

tcomcluded that the active e€dgeootriohetdar Ing
of the cathode deposits andniamgheV &s&tullg obat
above new materials shows that the capacit.y
di scharge produaitr mobatpthed iogy aorfe Leal osely rel

the air el ectrode active materi al s.

Yet a stady satso me tracing combi ned wi t h di
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(7]

p
[ 1

ri

ectrometry has shown that carboY wathHeli /alis
ladnld are subject to oxi daticeebdsoocmposwnt mat
ch in defects are more susceptible to nu.
peroxide groups than carbon materials wit
r-orasedl acmabdpil aMgr eover, therpdeasfeunrced eorf

net aleie® whi ch i s di f[flilddlhtisst gwiid flic o anptels ¢

i scharge icraprachaet ¢/c ednd Qualianrgi ztahteiiobgp wti ik dhy cy

ntinuous ac@®umuhetaotni wd diites on the air
en completely Dblocked, and their storage ¢
rly failure of batt eTlyeadads c hsaaagbhelbeamndonetaerait
ch as padoé6{sLqg/d]idkdDg 118]c. were used as air
r-aiLri b avthti erhi ead,so0 exhi bi t®a gwlowde ctyltd | amlyo s«
rbon materials are wusually modified using
hance the catalytic ability .dflOmdadmeosded ma
Isitchteeibrdai tery wialtl hedi cghréon nanot(RuoOs, ru
nopartNASIeGIONLBIGP partimceégat iavse. teflléeec t M @ 9 e
owed ¢bthas RiugPh catalytic aoetriogietayn débu rhieng ¢
ttery awstlcaRalOyst has very small -tcéhramge/ d
cling stability.

addition to the study of i nAbparsoevdi nagi rt heel ecc
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materials, the accumbuiOsbteitome eonf tdhies cphoartehse |opfr oa
i's also an i mportant andelcercitflrinedaeldi ts albuiecet g £ o p
LiO;i s deposited on the air electrodeO:ake!l et ol
the accumu:aetusedobyLihe | ow decomposition c
cause thepbl etstkeh gai rofel ect r aadhee. iNicsrud cavte rn,g dpu
LiO;, t he iiehecitwv@edroexacctanonnot be transferred s
the terminatr eancaoife ntelvee nteudad ¥ y causing the b

Fi gL2 @

A Li*, O,

V,: pore volume

Figu2®chematic illustratdiorn bodat ttehrei erse@fhainli esdy

accumul &t ecitm qalerOdor e s

From t he eteiacd i pmi rkti nof Vvi ew, the kinetic of

di schargeO:pnodbeétals offé@Wjand the enhancement
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performance is greatly constrained. For exan
of elect(fEs Mbkereffese, suitbalphl poadedl|l gatshar

or catalytic units are added tso totfpereocesqsu.i d e

l44Cat afl ygst LtAtilri Bmtteri es

As mentionedaierarddlelr ,ditshecok s,gpd upreaods ®ni § ORMKR
ofo the air electroeotdee,t he edi,s dibel hgeee dplreadrdguo ant (
process, on the other hand,R)i :onint h@xyag an eH e

t he di schaxges porxoidduiczte dL ia n.d nh & rhcee arbesleenacsei mog |

kinetic ohadigechengeéions is slow and the rea
t he 1 nsoxdladtsidnsgl ¢lm bl ocked el ectron transport
which afagetfsotma&nce of the cell, accelerate
aierl ecmateéei al , and eventTllét gf-airema,disd ittoe rd eslsl

catalysts to promote ORR and OER taoaOdr attché it s
ot her hand, it can i mprove thkeatapdmmapedeacepl t
battery polarization. At ptatwsdesgaesiemrfclhelr
and-aZm batteries aanid abpapltieerd etsh e nl hteo -@RR and
cells have beesuclhpaGywstdebiyl usi mnigeaicrathbad tytsersi
can be qgleasegiaflilggd i nto two types according t
phase catalypéthbseapdtrespy@tbedseeltwwo types of

described bel ow.
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Solpihdase cdhelpbabhse catalysforsm boatéeéd BnNnrse
Liair battertihees deCyr s eépohddisged csacotlaildy st s i ncl ude
as Pt , Pd, Au and Ru, as wel | as sever al al
met al oxi dexs am@hCasaMa® among -pthhaes ec hcait cad sy sa
Liair [cleDl7l,s 11-6& 2 Nolb&get A2 2 c atthael yfsitrsstarteype of ¢
i n-aliir batatierr ibeast.t eLrii es using these catalyst:c
perfor mance, but al so 1 ncr elars ead chiet isgpme,cigdri ec
catal ysts haevief eactmoodnultantei nngpor phol ogy -afrthe

cel | with Pd, Au and Ru asocmttalH e sdlse c ttrheed e
di fferent from the growth pattern on fthe el e
With Pd, afuataan dOsRss ,grloiwn vertically on the e
of nanosheetOgrerneeysa,t ewdhiwlig hLiPt catalyst and
the electrode surfadac&kei @ptech @axiyamm agfe tolii r hfei
met hod i sx0oghawnt he kiertical arrays can prov
the contact opportunities with the "ahé&cOroly
and i mprovingitme omotdédeutilleiczaode surface. (
film growtahiilmpgtooo el y he*atnrda nOsbpuatr tal sfo Ltihe el ec
i nvol vedr eianc triedoh® xwoewltdr i ct:@dewbent it be éxceeds
amount due to theO.insabddtitngnpnaturbaefalso b

all oy as a catalyst has the good ORR catalyt
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p e

rformance of Pt catal ysty clahtial ynmsetasn sc arh asti
crease the discharge plateau, decrease the
wever, sincelwmee ahi gthiten d ydsindst dlImodxi de cat al
od catal ytriec glesrdo-aursneadn xiten @kt i es. Tamwemalbkt t
ide catalyst is the Mn oxide catalysst. A s

ith different moMmp@nainogii s ss hawsp dtrifad 1 breasntc ec

ot t[ ledes]ale mbdierd clel | s wi t h a mAgighsairngge Suapear

as the caasieheaocdt Mn@has!| al addbecome &olt

pi c ibtechhaussebeen shown to have both|[QRR]and
tained a high spetcal-dier lca@elalci iy iag@sbsnictyic | lec
am Ni using evagocati met ammchonTlae maxi mum d
|| was 2.95 V and the mini munttc heaxragnep |peo i onft
mbi nati on of ORR and 3O4&PR npaatraldy twiict hf utnhcet icc
r-oased cathbdei mgtekeonneglt.udi es, researchers
| fi des, nitrides, car lmind erse,t ad rsd ar istor dhgaevre ¢

oper taiiers[clenl8ILlsin 208ddi t i on, helt3elr,0 alp3eld) ¢ &r b O,

mat erials have higher ORR catalytic activit)

carbon material s, €apbdboinalnayt emi al e g ehm viee tad rs

c h

mi

a l

oice for catalystsniAr-dotplea m@mmdéectbiaghleds ot he
t itghad ec oafc @rs-b @ meelde c ma b d Nioanloh.l e met al s such

|l oys have also been studied due to their i
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al | [oyXx2alno wwelre battery discharge plateau and
especial |l y hiing latdhee c tiHaosvgeevoefr |, bot ODERhe@r ORR s aan
require the participation of electrons, rega
And t he aghbhaeawe saltiadoynsotgse naeroeu snocnat al ysts wi th
resistance.Fi/Agsi-2¢have@ dlait al yst inserfdceonsta
interface with high contact i mpedance. Coupl
i nsul ati ng20pr dmherrtey icsf aliso a voltage hyster
use of nobl e met al catalystsencrtdgsdadhdsi yteanc
gr owt hOfolfakes. Therefore, naféevhabhdngnteaei sl
devel opment of new catal ysts.homogedndd a u so ng, a tt:

in the whole catalytic process and the deepe

Liquid phase
(Electrolyte)

Solid phase
(Catalyst/Carbon)

Figha®Bchematic il lustrati-polg@aibr Hpfhleesreeact i v

boundari es
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Li gpihdhse chitghbhydses.catalyst i s a homogeneous
problem of <charge t rpamasspeo rcta toablsytsrtu cttd oan d enr ts
resear-ahrobattery cataplysdes cataalt edsftigerl odnen $q@fiq
dy-eensitized solar cells (DSSC) and bioenzymi
redox mediators (RMa)rineths el eolrddFilpeai of €
i ntroductioai nfc®IMiss, ndrni ng the discharge p
can catalyze bopdm tthe aldédatcbeden®s bhe theso
electrolyte, enhancJdémg telhectmramsporrtel ofeviLing
di scharge products on the electrode surface
i ncreasing the thecbhBugemgaphei thaodgifreg pr o
el ectrons to eliminate the i ncr esacslei di nc omd las
i mpedance FaglLx®l dwrm Jailn owi ng the charging po:
avoiding decomposition of the el ectcrhoalrygtiengan

perfor mance.
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Al t hough RMs have significant effects 1in prc
pol arization, and inhibiting-pthlaes eo caurarl ggrsd e
so fasef-anr Lcells suffer from electrophoret:i

practical-phaseseotatabybsts.

1.5Chal | ogekiAt ri U mRaytgteenr)i e s

1.51Chal l enges of CoPRrAVientBaanteelr ileisqu
Despite the relati-hegh bhgor evil ¢t alieecamagipeder
there are stildl many chall enges and probl em
performance, l ow cycle | ifeg ardipo ogrr asca fi ectayl
[ 137The chall enges faomr danvenmt iecnyalt dleimd uoih d ywlw

aspect s:

(1) Lithium rheatiarl bealtetcetrrioedse .use | i thium met a
they have safety issues and instability, ma |
term cyclabilityyre@qhisedsbguéhtobthéeéefact t
el ectrode reacts easily with organic el ectrc

and genersadleisd aplsdbd gqqudod epblase i nterface (SEI
ian el ectrical lcyo nidnuscutliavtei npga sasnidv aitoonon | ayer

' ithium metal electrode from the electrolyte
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el ect[rlo3 8Jte fact, however, t he SEI formed o
l'ithium metalt a@hecotgadi-aieleetltoligterrevbranm
reacts with the electrolyte and consumes th
cycle of charging and discharging, laga regle v o
rupture and generation of SEI, forming irreg
even pierce the battery separator and cause

resulting in a short cifr dtuthiet|[ Aa3nOdl ewe ryal dadiigteir @ m

batteries are a relatively open system, al t !
high purity exygemeanr gasygmarmnture. However, [
the path of praabiealihay, @strnibsati¢eéd @isrr il n

consider t heOggamrség IC&theh aag Heact with the |

the battery ¢Wdl0¢ performance

(2) Stability dhelideiatl electrol yher fbat oegi
should have a high chemical and el ectrochemi
solubility, and inertness ttoersm pereaxaitd e nr aodi
The viscosity and conductivity of the Iliquid
el ectrochemical pefidt Hawees ewfl eceEheobigneger mr
able to fully meet these requirements. On t

radicals are generated when the batt-lRirghi s ¢

activity and strondg mwonlsdamamhillyi catahaiclki ttyh e w
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(7]

ol vent and | ithium salt, promoting electrol

9%nh the other hand, due to the high voltage

r the | oaded catalyst has a certain catalyt
romotes the electrolyte dgeompod iutbiiont yl fe
l ectrolyte and t kpe olduw tsolgwemielriattye dgf stultceh Iay
|l ectrolyte -deocdmpbsjtieadbyo the constant d
|l ectrode sur fracel e cctlrogdyd nan df Hela2u™ e a g w pialses,i v
urrently commonly wused | iquid electrolytes
ycling, tabiiltiitnyy amae Isong cycling of the ba
stable electrolyte system is thaimodtatpre:
14 3]
3) Air positiveThkeatrogder pass paiart t lbantet erl ieec:
roviatei ieeaacti ve sites for the growth and
harging and djisB4&dhdowenmgr prdaoesso the rel ati
olid insulating)idn sacrhgaa mgiec pealoaatcrtolLyit e and
eversibility, it will continuously deposit
he el ectrode. Hence, the air positive el ec
| @atsr, |l eading to electrode passivation, di
fficiency as well as capacity, and decay of
| ectrochemical perfa@dantkeocdbt hbe banderyhe
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el ectrode materials are not chemically st al
i nter madwawdc¢tes,p di scharge product s, and el ect
el ectrode at high potentials and decompose

byproducts, which affec[fts48]lhe battery cycle

1.52Chal |l enge-St &cAi rEpBatdt eri es

I n the past t en-syteaalrisg hir elmaetatrerhi @ sadeigdade s
but atrtsetrid | c o nshied evreanlisa thdt aep-ali irt hhiauhml e pr as t i ¢
appl i cat i ¥anr isotuasn df aarcd so.ft ®agnonsduwccht iawsi ty, ener gy

i f e, and inneedacigbroeousabi hvegtigati on, w h

scientific questions to be answered.

First, the mechanism of i1on transpornte dmud kI ¢

phase, which is t-dhteatkkepnliiftalbibwmeofy, thist miob md |

i omonductivity |l eads to as ohlsitghhtiCdwadrtealrli eismp €
i mpedance of a solid elbéctmaglnyttaerdies ggemaeral
organic el eatrokceté bifthhemsame si ze, result
cell. Therefore, the design and preparation

perfor mancnee etduendi ntgo aurneder st and the synthesis
suitabl e-af or bintek meeshdhr.od i s t o -sitnaptreo veel eecxtirsotli

el ement doping, and tihneo rogtahneirc icsotngpboesm rtteem dsnodl e
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I n

ne

t o

addition, a systheomagi at isomdmeohianihem i n s
eded to | ay the foundation for understandi
e air el-stat edleirp fisiad dHeimddetnagt es oelliedct r ol yt es

gh i onic conductivity, negligible electron

ectrochemical window is the key to address

colnidie@r ot i cailri tbha tutweorl iteasg,e tdhd f er ence betw
schargi ng -sptraotcee-alisir tolbiausroé i des i s too | arge
W. I n the absence of an effecsti atte @lavrtahiys!
tterids2i 6 ®rawnd the charging potenti al i
ergy efficiency of tThaek | b gt tae rciuees ffraarm parparc
tteries, efficient catalysts can ¢gemér alfl vy
thium peroxide. Andr ddectuisen od a tseolispshhtlisal toox i

ate-aliirt hiaumheri es is also a good approach.

rther mor e, the mechanism of charge transf

t erff aaccet iove subst amael/tel ecittrhoiluymt eb aitnt esra leisd

rrent generally acce-Ptbeadt tvear kisn g smeacsh afna |sli
scharge process, the Iithium met alonatthhedt
e solid electrolyte, while oxyagsint iumd eir gtoe
chemically combine with Iithium ions to p
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deduced from the Il-aigatitdereyl,ecwhiodhytsedms hr aung
enough. The introducti on of solid el ectrol
decomposition side reactions and organic so
stability, whileclsshcamdbeast mepd | gt alhe .ellstctroc
conducive to the development of <catalytic ar
l i ttoixymen reacti on. I n particulesn thereharc
t ramséleidt iiommgr ati on mechanism during the el
gas/ solid interface, the principle of redox
cathode surface, the lLandioxy gemeadsanrsgptoird m m

composite air electrode.

Mor eover, there are still many $talbleeatisrt Wii tukh
batteries. Compared wi tah rc v d retrii eersg | taper atni
el ectrolgtasetranirgé thlaidher i es inhibits the gr ow
circuiting of the battery.selpnataddiatmenn , altlhe a
t hhes sufesel ectrochemical decomposition of | iqu
met al el ectr odNy,Obarnodn necooirsrtoudroen @ivnb iyt, h eohiei Irporvwo b |
utilizati on eodé¢ rlaidteh iluoow nEauall o mbda xci setf.f 1 @n ee na@ fy
solutions 1Is to use alloy negative adlveagtsreod

vol ume expalnlsoynndgatm ve el ectrode needs to
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Fi nalhleyr,e i s -depltdodclktafdyi mmttehhd asalsiibi ®mmi d
mi gration i mpedance. The internal resistance
storage efficiency. However, the i1 onic condu
iI's approxi matennagnanudedéower than that of t|
i nherent disadvantage makes it cha$toblsmnditeg t

l i tfmiwumbattery. Moreover, the fl uicdiitvyel oyf weh

the positive and negative el ectrodes, while
and the electrodes has a high i mpedance. To
and the electrodes, aye®rliysmegeréeraltirpl ybher wd
Alternatively, the electrolyte surface can b
thin fil m. Further mor et hidrees$ @ahhie dalgirabidumree p &«
signi fi ceanthley irnetdeurcn al resistance of the bat't

16TheStctepe

Solsitdat e -olxiytglreinumattery has attracted wide at
specific enddrnudy tdhden saictty al energyi dxyigteyn an
batteries are not yet up to the theoretical
sl ow and unsustainabl eO0BRt[@ln4l6 ER4efr]le adcetciaadress
unremittangemsiobed reockt,r oV gt iesuswct hbr es ohpaevde thoe er
enhance the sbDapigkent hadheitreedbir amhemi danl per

t er msharfge and di scharge capaci taynapowery efyfci
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l i Hewever, the technol-Oirc-alib ad & weeli @emmeinst sotf

exploration stage, and there areg 148sOEjloir es o0
example, the mechanism of i1on transponeott and
clear. Second, tthweenmnl|lthgechiafdgiemgnamed-bei sch

st diOebatt er i esThies etnea glyamuge .l i capdont efcyblkec

poor . Il n addition, the coulomb efficiency of
| owhi,rd he migration i mpedance of | ithium i on
wel | slthedifad.st problem is rooted in the el ec

from the cur rsematt ep cep elcaraodsepltiadde o epeocposéyte
l it loixymen batteries. The second issue I s ma
l i ttoixymen batt erciheas gd inrgi mpg otclkees sr of di scharg

t he design osft sefori cadjnus tcnaetnatl yof t he battery

potenti al and i mprove the baTherVasnerggpueat.i
withe el-etecbhpéefoandiacit and the i on acanspor
which i1 edqeirmoadsiifdlcati on and structural engi ne

This thesis ai mgotnauacne atid ysted kelcas,odhiiyd-t $ t hao n

oxygen batteries. The el ectrolyt edéay et leed ir ®c
met hod variation, el-iiememgandi dompd mmas iatnas .o rAgd
wi || I nvest isgartuecn oedia&flcitcraotdi eo n and ietecftrnoingn

engi neCGhraipntgeut 2i nes t he exper iinesttrad meomh esmi s
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el ectrochemical characterizati on metdre@pds,t an
the specific mmeehbdbdeslglytshtersuTcht tudsrmeed idse swiglnl. ¢

the following topics:

(1OQhaptexrpl3o0res two types of solid electrolyt

oxygen batteries. The electrolytes were mad
properties were studied. The perfor mainteerof
depending on how they were made. -Shé¢idl oect ad
solid batteries, and their performance was t

battery performance was Aitohto umehf €&l ecenbdoddéor m

commer ci al l'ithium wenalsyntde matriboal Imatiemv ead
as modi fication the electrolyte, engineerir
optimization stiltls.require additional effor

(20haptheui l4ds on t ICéh afpitiedi Bgb e ¢-dt mpmgd t hAGKIi o X i
and appollyi(reg hyl ene gl ycol()P EnceMENM)| eeltehcetrr onheytth
g u assoitsitcht e -olxiytglkeinunmbatteri es. A bil aysetrate®r ga
el ectrolyte, calSied iPsE GAVEEWWE@LOAPGEPd t 0 | mpr ov e
per f orTnhderAcGe.i serves &daca&boinheot@amrminceure high
and provide a barrier between oxygen and the

bet ween the anode and electrolyte, reducing
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i onic condutityi agaandtstabki anode, wi-$ih. bet't
This work providéeéayarpdomiydirmg ¢ aplebrideoea mamtcrec

soisitaat e -olxiytgreinurmatteri es.

(X)haptreersuvdl t s s ismwsetdh tae lghwdatstier y,al |l s short of
reliable. While the previous work solved the
electrolyte, poor contact bet ween the <catho
i mpedance. bhAed dbatitoenrayl lcyat Hro@a&cstsitveds e @atr o ¢ h enmit
the defici-mmzye ol oundareiecessd Chaptberan5 i ntegr a
architecture usi algpeZa Tsg @rannedt ae |ceocnmproosliytdeedclait h o

f or -pheirgfhor maolsechb@® batiteries. The garnet el e

el ectrochemical stability, combined with the
resistance, all ows for exceéehptsi cbnaatlt eerlye cbtoraoscth
| arge first discharge capacity, |l ong cycling

outstanding results could pavmelsioisedww®y Lf or

batteries -anggetnlggn smetralge systems with | arg

I n sumrmarsy,t hesi s starts withstbheedebegnhrahvt

are applicaklygeno blittlleirums, and then proceecf
poperties. Foll owing this, the interfacial e
mul tiple electrolytes and the structur al pr
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succesTshieveelxypperi ment al resu-tttags edednrypetmrmbtad t te!
I's a very promising energy storaqge r shyesdigeemt foo

gl obal energy transition on broader perspect
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Chapter2Met hodah®egohni ques

Abstract

This chapteompreolvendsisvea description of the ¢

and research methods wutilized throughout thi
into two primary <classifications: materi al C
met hodol ogi cal di vi sions serve as the founda

basis for the research approaches employed i
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21Experi Reagamlppar at us

Thehemieagents and materiallBeluswd in this th
Tab2llMai n experi mental chemical reagent
Chemical s Mol ecu Speci fi« Manufact

formul:

viati
Lit hciaurnb ona LiCQ 99%9 Al addi i
Zirconi a Zr 0 99. 99 % Al addi 1
Magnesi um Mg O 99. 9% Al addi i
Si | dicooxni de Si20 99. 99% Al addi i
Ammoni um di I NHHPQ 99 % Al addi i

phosphate

Anhydrous ¢ GCHO 099.5% Al addi |
N-metR2gVyrroldi NMP AR Al addi 1
Al umi num hy Al ( @H 99. 9% Al addi 1
Phosphoric HsP @ 99.99% Al addi

Tantal um o T &0s 9 99%0 Al addi 1

Ol ei c aci \ 99% Al addi 1

|l sopropyl CsHsO 99. 99% Al addi i

Lithium me Li \ China Er
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Lithium

Ger mani um o G e 99.999¢ Sinopha

Chemical

Co. , Lt

Tab2d2&Experi mental apparatus
Apparat ucs Mo d e | Manufactuil
El ectronic ME204E METTLE®LEDO
Vacuum dryi Dz® 050 Shanghai Hui

Manufacturi.
Bl ast dryi DH&®070A Shanghai Hui
Manufacturi.
Pl anetary QM3 SPO04 Nanda | nst
Hi gh and | ow SU 41 ESPEC
t eshhamber
Il nert g-agd owyw MBC200 MBRAUN
Mu l-cthhannel 1470E+126 Solartrol
el ectrochemi
Pel l et pr 769-YBA RI KEN

| sostatic WUP2 1M RI KEN
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LAND Battery CT2001A Wuhan Lanl

Muf flbenace KS{1 70 0 X +1KISOLO HFKejing

Oxygen gas ¢c N/ A Wuxi Xhlt Te
Lt d.

Smal | i on J949600 Beijing He

Tulwer nace OTHS500 HFKej i ng

Di fferenti al Probe Typ Shanghai L

Massgpectronm
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22Mat erChalrsact eri zati on Met hods
X-ray diffraction analysis (XRD)

I n this research, the XRD pattern is analyz
structure of the prepared soWhdnetbetabbmtes
(d) and the wavelrengss it o§f yhehenBrddmeggX;e Xuat i
rays are diffracted in &¢d8ytdehedmiaechgonhbe(d

intensity of the diffracthahykenéebei maspacal)

the crystallinity anldn me@lsa,r eGdrhmarc edHy iaaiagn
an i mportant scientific foresight: cmygysgals
. e., when -ray sbemans seefs X hr ough a crystal, d

superposition of diffraction waves results

directions and weakening in onderdifftrhnauct iopre
X-rms are essentially the same el ectromagnet.
0.Q400; , bet weenoruaytsr,avalode®et k moowin as R°ntgen
penetrating and can ionize irradnidatiendt emmafteerreil
ref | eacntdi orne,f r acti on. Scienti sntayshatve deswdl dph
variety of inspection equipment for use in v

and particularly cnenhbte &neéel agi blir maeral péss

Whenr &ys interact with a substance, they are

energy conversion: one part i's scattered, O
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propagate i n theugor itdcien Blufbtisrteaentcieoonotbupbs wh
X-rays are of the same-rvaayvsel einget.h ansh etnh et hien cdi
range produced by the crystal pl ane spacing
By compgart he diffraction pattern specific t
di ffraction pattern and using the principle
can be Xdawytsi faired.produced by aB®ak/celnermat &d
ray tube (atftPa) ,vawhiiucth oifmplionges on a metal (e
The commonl|l yCuKteay s ayisnalbdhidh2akapst bi &t easdfy

2:1), with a wavelength of 71.073 pm.

Diffraction must occur td malhiesfey dt hies Bcrraygsgt
spacdimg;Bragg sawagive]l-eagsh ofi ¥ number of ref

X-rays irradiate th-eagampl em eeh echrsyasttbanie riandttel

wi || produagsstdidmgaXtion | inesrayns ai rsrpaedciiafti
sample from different angl es, di ffraction wi
wi || accept the hmumhmer reff | @¢ictfedadtreodn g hat c|

spectrogram notfentshed yamglleat i onshi p. The Bragg
bet ween the direction of diffraction |ines a
t h&ngl e of t he Il nci dent rays satisfying t h
enhancement and exhibit diffraction fringes.

I n the sitdhe materi al was char actrearyifzlerda cu soimmeg
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mi

co

a l

i t h-Kbr &Cdii ati on source, a wavelength of 0. 15

curren€on$i dér A g cthlhhaotg endherme ssa lai{@keb a ti teesr
small, and the prtrbbdgetnethima mah |geaudtisrgos| eyetpen t

e -stodtied battery ditshcecsanspetpbeddet €£citedt Ibiys

anning electron microscope (SEM)

anning Electron Microscope (SEM) isomn el e
ectron microscope (TEM)OatiWé&Ylt Brhei §hr €n
ectron microscope (SEM). The imaging prin
croscope and transmissi on belaenc tarsont hrei cirlolsuc
urce and shines the finely f ocdsiekde eslceacntnrio
nner , and then collects and processes the
ckscattered el ectarcan o ng dred waeteard thye teh e cit mto
tain a microscopic morphol ogical magni fi c:

i lure analysis, material microstructure mo

t hi satteheesanlsl,e mvas cladr a&dtdereimziesdsi myn scan
croscopy HIFEESEEM t oS480Oer ve the grain size
crostructur e, and t o study the di stribut
mpositionbwasnam@y yadiegddper si ve spectrometer

so provides qualitative and quantitative
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mi crreogi ons, as wel |l as information(ehemdmrt d

ma pnpgi )

Transmission electron microscope (TEM)

The microstructure of the sample was analyz
mi croscope (HRTEM). The accelerated and focu
sampl e, and teéhewietltrectthronat eamd liimd t he sampl e

i n stereo angular scattering and high magnif

i mages. The size of the scattering anghe 1is
the test area, so it can show the structural
the crystal pl ane spacing of the crystal san

i n t hreeshdalgiht i on transmi ssile s pagieng amfd thilye |
crystal pl ane corresponding to the stripes
standard <crystal pl ane spacing can further
composition of theRTHEM stteadt. clahrerlked oused tthe &
and composition of the crystalline materi al
study to observe the micTrecsntarturc&@udrmei sasfi otnh e |

mi croscé6gpeé tpmmEnS.

X-ray photoelectron spectroscopy (XPS)

Mul ti funcmrmtyi cPrhaolt ol ectron Spectroscope (XPS
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chemical analysis based on the photoelectric
for surfacte @amlay yfsors,det ecting the chemical

al so for determining the cheamisc a&lxcgttaet e ad fe nic
or I nner el ectrons from atoms and molsecul es
di fferent binding energies t heloagthroamngbfiamek nt
with the photoelectron emission Tle murdsat rtulome
used in this thesis is AXlaSy UulhleRtAor DND smpwelcttir
from Shi madPzu,p hJoatpoaenl.ect ron spectroscopy al .
and chemical state of the products on the el

and to analyze t he etlievreelngtuaa a echotnaptoisvietliyo, n agnuda

Br unaburemeTdl | er area method (BET)

The BET method measures the adsorption of a

in multiple | ayers. The r axul tld nerag | yl dtittdadc
sl ope and intercept of the | i(nSeSHNo thael calmpt &
this thesis, nitrogen adsorption using BET a

used tionfobt matni on on the specific surface ar

of the materi al

Thermogravimetric analysis (TGA)
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Thermogravi metric Analysis (TG or TGA) is a

mass of a samplres utso tbheempneeraastuurreed avte a pr ogr am

to study the ther mal stability and component
assay in both R&D and quality control. Ther m
with otthiecralanmaeltyhods i n practical material s &

analysis and to analyze materials comprehens

of STA 449F3 from NETZ&CHoG@uaeamanyGAas used

23El ectrodMeamiuc adametima $ y si s

Di s c hcalragreg e otf e dtaitngr y

The charge and discharge performance of the
functionality of the entire battetyteysmbémri
interface modification, etc. should be asser
order to make an objective evalwuation of th.
(CC) is used to chpradtoemane et, ha nda gsyahlitide, pre

state batteries.

El ectr oarpeendiaspeelet roscopy (EI S)
EI'S test was used to study the grain i mpedan:
and different frequency capacitance of the s

and to analyze the | ithium iod eberducbDivyiey
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ot her information; study the change of the

before and after the coating before and aft
coating compositionofont htehes od urdf aeclee catrabiyltiet
I nformation of di fferent stages in the <chen

reversi ble generation and decomposition of d

The principle of el ecitg otccheamxlayy a nspreadlaln caemptl
di sturbance signal t o t he system wunder t
I mpedance/ conductance of the system is measu
i nformation sucél act iaopeedpmeeesandki neti c par

i mpedance testing requires that the system

perturbation (stability); ¢t hoener ewsiptohn steh es ipgenra
signalyjcaasdlihe perturbation voltage is ap
(l'inearity). I n this study, t he tot al i m,

el ectrolyte/electrodst dtnd eacdlalcs awe ks adva tt dhrt mi

test perturbation voltage o0f0101 mNzand a fre

For gqeaersible electrode systems where ohmic
and concentration differentialvepgola@pmpieaat iadn t
mi ddl e, and | ow frequencies of the i mpedance

owing to the di-phaeasenaaes inmntehtacinalrabil aye
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processes in the ¢él ebermndbBwmiid eandd ftfhues i sopne ece | &
el ectrode. When multiple interfaces are pres
i nterface capacitive arcs or their superimpo
Fo & isaldlt e Iceerl |t silmi/Li PO/ LmMBe@®ance spect
showhRi ghlaeqiR the ohmic i mpedance brought ab
contact. R and Q are i mpedanc,e @aus ecda play i tt h
el ctrolyte LJd PORODNuUI Rt etf &0®, Li/Li PON inte
el ctrochemiwtcal t hiemfsienmotne &i ff usi on'iWa rtbhuer g

el ectCoondbe ned with t heFiBpldibg motdbedragram ¢orr
t h Nyqui st plot at dif flerFlijte thi gqudmeigeae ncy
is mainly cohmaoawdnmendt biyn tlLhiePQN, which reacts
o f the solid electrolyte; the medium “freque
transportation in LiPON, the cathode interf:
cathode reaction; the | ow frequwusincnyi omfe glhien

el ectrode. Hdwesenptsdn€teéuke in the [ ithium
gradient, therefore, the | ow f fiem uteme yp a sigti io

negati ve Skl eacntdr oldieCoph ases.
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4.2V Electrochemical Impedance Spectrum lonic conductivity
1.E-05
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| s
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Znn
Fi g2T(ea) Ny tpsi st qopawiathent (1bs)t oBfo dlei /pLi PON/ Li (
ASSLiIi B at 4. 2 eM.and ) ( Ny gang wifv gdlud.liAAGP / AL 2 ]

For abl owdeill mgt r odlei Wsey/sLtAeGP/ Au, t he I mpedanc
approxi mateFiygalse siBesa et he gr ai n Rjdngp etdhaen coger i
boundary RMmMRrdanhhbhe,totRo)aiRapeEldaheel éap i mped
i nterface between the electrode and the sam
pooC)i.s their Zwapat hiemfaiermiijt eanddi f f usi odi War bur
the electrode. AtRjppocmZ,z2aamper arere@suahly mea

temperature "wethusethbe LAGP grains -mbgbas to
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frequency AC (e.g., above 10 MHz) ttRo méasur

conduckydfvittlye (el ectrolyte can be calcul ated

D

n 'Y_“Y C p

WhelLies thelgltec(tchhilRcEnebe {(gnperdaBces the el ec
(¢c®™ The conductivity of the inorganic solid
temperatures i s measur edEgaunadt isounb s(t2a c2t)i & dot iif m tm

eneEgyed to determine the ion transport capa

, %&@D%Y ¢ G

wheHB.ies the migration a(Ckdol)a&t popeeepeng(t bal th

Tis the te¢K)tanndp etrhaet ummoel 418 . g d'sho.oKst ant

Cyclic voltammetry (CV)
Cyclic voltammetry is a test method that mon

and the potenti al Byecbnbodel pbohgnt hal wonkmang

certain rate, l i nearly reciprocating over t
fundamentally different from |inear sweep VO
reci prociaale sc hpaontgeenst. A scan in the CV in the
in a reduction peak, corresponding to the re

of the potential results in anrexaicdtabiNo)i pea

I n this ®hestsoda swetem i s assembled with t
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el ectrode and the Ilithium metal as the count
of the solid el ectardaliytieonus ifrog ®Wtotre rLiSeVs, |tnh
can be wused to infer the |l ocation of their
calcul ate the battery cycle reversibility,

el ectroadeki Tdheelbéctrode of the LAGP and LLZO
sputtering, and the blocking electrode of th

LSV scan H6aNVNgeand 2hb -0C¥ Sc¥nwi ahdamisan r at

Di f f e @leendtirad cniaesspiecdIr ometry ( DEMS)

For ' ithium batteries, since tduwludedercga oslied
reactions during the continuous el ectrochen
accomgpaitmiye gas generati on, t he gualitative
reducti ond/uervionigut i lo@ e mhatstieginyi f © c a rdte e p under s

el ectrolysis reaction mechanism. Thei adtinve

LiOobattiexieexsygen, so the correspondingaside r
gas desgstRiofnf er enti al el ectrochemical mas s
el ectrochemical field research tedlynalnadgy zth

gas generated / consumed during the operatio
reaction device with the mass spectrometer,
i nterface reaction entdrhet membaasnespadtenrdmaet

signal detects the changes of the signals o
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itative or quantitative analysi s. It i s
anism, SEIlr rfrieverfsobmat icapacity, cycle I|i
trode stability, and the safety of the |
pped -ovh armneal dawarlri er gas sysmpmrahdrequbp
ewhi ch i st eursne db o totreeylod ngutl & gstpilargge ol fi tshoil und b
for the detection of b atotxeyrgye no xoyag e ne rcyo nds
, t he mol ar amount of 0 Xy gde,n tchoen sruummelde ri

tron transfers is calcul ated, and the re

ct -icnudrurceendt pol ari zation (DCP)
mhe¢ sias DC pol arization test was used to d

trolyte sampl es. HIRS®e sdd mdyu dtsi wittry crhd ays war

sum of 1T onic andoedecuranelcy cuvoatdisveitteyv,i Oti

c mobility number needs to be measured t

total conductivityilsTralicahateadnapgorfoatio
o —— ( 3.

eis ion cO8mbuctisviet wctr onisml),c omrddictthevisuwyr
two is the total conductivity measured [

e to 1, It i ndicates that [hB3materi al u

nsfungtitdhhrea(DF ¥ s
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Density Functional Theory (DFT) i's a quantu
framework for understanding and predicting t
matter systems. Unl i ke traditiedriyalong uwanted mnt
DFT focuses on the electron density as the <c
i nteracbodyg maopl em of el ectrons within an a
the system is expfresBedelasctar dnundcdn-9meayp. oBy
equations derived from this energy functi on:
properties, i ncluding electronic structur e,
become a powaer mat eroal s scisemce, phlysmicst dy e
to handle | arge systems and complex interac
accuracy of DFT results decpoernrdesl adn ohhd uohbo
addi tional approxi mations may be necessary f
has revolutionized computational materi al s
understanding of diverse physicarloleaerd | ahe rmiea

DFT can be regarded as an appr oxipmaitnec i npd tehsc

aiming to iIimprove computational eff-baecdyncy
probl ems and introducing demmittiy nf umagt iremsalll &
of accuracy. Therefore, It i's i mportant t o

analysis based on research requirements and

I n thid wadeenspilsoyedd to rigorously compute the
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-~

nergy. To calculate the Gibbs free energy,
ystem configurations, utilizing approofpri at
ntropy is estimated by computing the vibr:
onstant matrix obtained from DFT <calcul ati
ontributions according to statigctoindalgumad h a
s evaluated. The comparison of Gibbs free &
table system configuration. Il n the case of
nergy of the adsorbatbouwmbl edsbeptoinon.heSwshug
nergy of the adsorbed state is cognpruftaede t
nteraction energy and the adsorbate's intei
ubtracting t he-atdestoalb eadn esrtgayt eoff rom t he tot al
t is crucial to select appropriate function
o consider theodanrt rviilbutaito o nafl zeweotgy .o fAdtdh
urface and the use of periodic boundary con
alcul ations. While DFT provides valuabl e in
ata and empl oy compl eme ntadriyd ad empauntda tri eofnianl e

esul ts.
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Chapter3Pr epar atGham agneé&ri za
NASI CONWp e andt yiarencettr ol vy
antheiprplA cahtOgBatt eri es

Abstract

The selection, synthsestasteaademodhef gt at-yanéok

state-aliirt hiduonh dbreigé . with, the synthesis and

(7]

otsitcht e el ecAbh®d SWtPaGiranldi LleZ t TsaQue |l ect welt gt es

(@)

onducted. These electrolytes-swate okl idaad i

(7]

tate)oxXygemn uanel | s, alongside I|lithidmpeet al
LAGSBI eclearsasmi ¢ materials witWwempaeehtluesditn ggrliaaw
cost raw materials, and i mpact of Scedamiaog
solwas t heasitTihgepat<stdbhit € @&mdsited mi-olxiytgheinunbatt er
assembl ed -Swi tehx hLi AGR egd ccaepabaiilni tciyecsl ivmvhen oper

densiFuir ¢ er mopreer,f oar muaiigylp eg sronetd el ectvael yt e

successful] yasgntshast smtxiythgleinumhatt ery assembl
al so demonst riantge dc aap ateirltiatiyn. cHacwever, it exhi
and high interfacial i mpedance between the ¢

necessary t-ef fdewteil g «caotshode-penftad masitcet epolei
elcerolytes, and enhanecd attlee eil etce rfod gye¢ else tawmae

This study |l ays the foundation for subsequen
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31l ntroducti on

As di s cQhsaspetderi nl r ec etnrta j yeedarrasmys itahieon from tr a
energy to clean renewabl e energy i1s graduall
reliable energy stotoxygqgr Gyistembattdterntihes mar e
st orage system with the highest [bhedd®tei d&l4] s
battery's negative electrode uses | itmh um me
wei,ghhi ghcapeaxnd ylcowest potential. On the ot
of the battery contains oxygen as the active
consume the volume and maslilsi bibhixymmenbabteryike
a specific energy density comparable to that
and are expected to serve as enEEVYyN sttioea ag
foresfeetaWwidteh aboveneefnittitsereealft mehytxtyigiem batter i
expanded dramatically dNeav ergt htehhedtsHesf s p r adeetciad
applicati eoexyagfen!| ibtah itnemi essmoot h, intdiimgauiid dr
organi c elkect rtchley tbausmpy j ourney towBhespiotson

i nert organic electrotyyesnchammoead iyes sleav e nm:

including volatility, |l eakage, fl ammability,
el ectrochemical stabi l[[iIl5y,T heersde mpamy | etmse rc ampr
using inorganic solid electrolyten ibmdttead ec
addition, the inorganic solid electrolyte ca

being ern@,de@NbBIOH ot her components in the ai
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|l ohgegrm cycle saligleint paot elkiittlhieuMaanghinl ¢ so
has excell ent mechanical strength, which car
l' i thium dendrites from puncturing the el ectr
However, the -gtestea-olgifftgheinu b a tstodgitidetse -olgiytghaind m

batteries, is stild]l in a preliminary stage.

The structure anestcaanepaxegrdirsu nodt taeRsIymIBalrdee s h o
The <choice of materials for each part of t
temperature range, energy density and cycl e
pose tawvd negative electrodes are separated b

the negative el-eontadei nfg mbglhbebhhiceml i uthde)

oxidati qginnrwhiceh onhe | ithium | os$eées heluencti ooss
l ithium ions generated by the reaction are t
the positive electrode. Electrons then trave

where they particuptiten i iekHddewanydegn tadeé o
reduced state reacts with | ithium ions to ot
must have the ability to transport | ithium i
provi des psatcoer dgpa t he di scharge ptdduet spteogr
stat e-olxiytgheinumatteri es, the problems and chal

cathodes in materials science and engineerin
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Li; 0, - 2Li* + 04 + 2e~

e,

Discharge
-
8

e @
° o o

sMetal Anode o Li*
= @ ©0:

— (y Li,0,
2Li* + 03 + 2e™ > Liy0,

Fi g8&#TSechematic il lustrati on-sdfattehdxiygghrinuot ur
battery.
First, for the neegaxtyigeen dlad dterrd ckes, o fmaltietr h iad r

l'ithiaw-L&AILICu, embedded Kkdst,hituimm -lgé alpdayn t(e R L
ger mani-wim (a&ree usually used. For the anode d
efficient el ectrode reaction ((owri datainan erl ea3
conducandiayl)large potential difference compart
has the highest specific capacity, but It [
stability in most ¢éinqguideetectent yueser 8lbae
l'ithium met al protected by solid electrolyte
l'ithium met al has become the primary concer.
energy gutioraegereeersible dissolution (discha

the anode surface with high Ciont oondbd cetéibd © der
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(7]

tate el estgoilfyteantclayw suppress bodathi Icihteymi af:

It hi vamoadeedt adddi ti on, the specific capacity
embedded graphite materials are slightly | ow
of oxygen cathode and braet,t ewhye ns tsrduuctitye r-ndgi dsduosl i

oxygen batteries, the capacities of the posi

o

urdegi gn opthmimd zadtfafpreltrls b e desvtoa tead-olkiptgleind m d

batteries mediahg alsi t hieumnode.

Second, the solid electrolyte-stat aloxoytgleme mo
battery design. I n a battery, the electroly
el ectrodes with ioniosobattaohedtampangmelhe atglo.
cerami cs, and cooplocsi be. m&owenpdatas with sol
el ectrolyte material s, pol ymers have the ad\
i nterfaciatlf aotnuraahki,| imayn and adapliab6j)| lby] t
However, their ionicl occomadalut hieyi tdye mobeastrredtad i
conductivity. Soft pol ymer octhabetsweencidli daittre

el ectrodes, making them beh&abBg¢i am9frerc ema n wy fe

series of pol ymepo eyl feyclt e mdoyh yefsy lesjudcenn easdi f | uo
poly(acrylonitrile) have been widely and sy
syesmjs14®2] Camepd t o olni tbhait-aimrr i beast,t eLrii es have di

due to thepansysd eaf aaand t he f or ntahtarogie opfr oudiu c
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such G&s HiiOLi QEQ, Laind Thhese differences make
pol ymer el eatrobwptésrias,LlLiand overcoming t h
research efforts that primarily focus on entl
chemi stry, and functionéglhie3ddtni cand da fc e aalmy rpeorl
composite electrolytes have some additional
strengttla&cdrhic@gh conductivity, and thus hawv
the | astte6d@fcadaeopi ng of ¢ e rcaomidcu cctoi mpgo npeonl tysm ew
in the formation of a bilayer space charge.
with the tempaeyeart usper eaaadds .t hfet blidwer temper at

temperature range of conventionali tbhradansporets,

properties. I t s me d iaantsiprog t e fnfaggycti ncm easa th
Consiidert he stability, the difficulty of pre
suak oxygen in air, this chapter wil/l focus

foundation for the subsequent chapters.

The commonl y sucsleidd ienloerogtarnalcyt es are divided
containing o&xryeggemddasnd otf-h ad shee soaxlyigdke nel ec-t r ol yt
basedLItShNiCON, Li N, Lil, etc., tend to absorl
i ngoanoixcisdoel i d el ectrolytes are more sttypbdé.e 1 n
anper ovisykpiet,et gpene tktlypleCONa n dt WPAS.] COMNo ng- t hem,

l i ke electrolytes and NASI CONi red neicdturcotdirywti et sy .
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Gar-hgpe solid el egti scloyteeedwe me 2f0j0BB tharyh eWe p p
research shoawdd( M hat NpjosJaasdsedom temperatur
conducti Bt ¢.moBy ~rleOpl acing some of the M atc
el emenltis ont tenductivity coulfdolfodess 5hct2a@86e&d |
LiL&Z$O12( LLZO) was discovered, with a room ter
7.X48S dand an activat i[6rb]&abeansgeydsosf@ iOe. Be2d eecM r o
have a significant advantage as they are st
face two major challbengesnt afcit r sviatnhotdhedes thla t idn
i n high intefflLé &ifalndi, mpernckayncaer er badeghlgt alwi ¢ h

H-Oan@Q® | eading to the formation pL6&h inert

I n contrast, LATP has the highest x1&d8 mtcimempe
Y among theymNASE@AMDMDd el ectrolyl@&]Faet uldeerdors

NASI GtONpe el ecgholyseabbaeeihiair, and their

However, -NAPpE SQMItied el ectrolytes containing
reduced by I ithium, while electrolytes cont
LAGP, astalmbeeto | ithium.

Thi s chapter ai med t o synthesi ze and eval

characterization of two ox$ide( SAS$Ii dOMN) ,ecamal

(garnet) . These electrolytes ewemensabj eotpe a
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synthesis conditions alteration. The charact
and electrochemical properties of these el ec
techniques. To assessothemieabi petfoymandeeb
l i ttoixymen battery system, al |l electrolyte p
met al anode and carbon cat hode®t atrewlaiytgleingm i
battery. Atgmalfl [ggantd el ectrolyte was intr
di fference i n | mpeddndaode dbedt wsead ni dt theer fsaocleisd wi
Given that the primary purpose of tkiod idhap:
el ectrol ytoxygiem Ibiat hieumes, al | cell s were e\
I n a pure oxygen environmgmtr btoon , adni doixmadzeer t hE
experimental results i msdiowats®dneit fp altoiotdHsipem hr e
battealbtehiset battery's pekifoadmafhrcem warsa cttiidadl a
foll owing work on this thesis wild/ focus on

el ect rdedreed oppe rhfi ogrhmeamisied & € folxiytgheinum at t er i es.

32Experi ment al Met hods
321Pr epar ati on -toyfe €NeACSIITrCoOONy t € s

The NASICONceéewypmi gl aaslsid electrol-8tp paepar a
in this study wewuendhlibngcanedcoyt mellltedy cry
preparation pfFrog&2 e Fiss ssHown tihre required ra

wegihed according to twelmichedi bpl badblr mml Bl rag
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resulting mixture was heat treated at 700

and crushing, the glass melt was wpltac eldd 0i0On
obtain a glass mel't and quenched and cool ed
uni formly again, the glass powder was press
heating at 800 to 1000 wmicrcoman tngy tto dhteali

NASI CON type seramtorablgdasbsectrolyte sampl

Li source
 EEEE—

Al source

Heat Heat A

Ge source Treatment Treatment H Grinding ]

P source High-temperature
. J melting

Si source

Quenching

and Cooling

N —

Grinding

N S

Cold-pressing

R —

Heating and
crystallization

Fi g3#2Tehe synthesis process odeMNASBI CONsolyiped el

322Pr epar aGarormetiléect sol yt e

Firs¢$sthderyecbuspewder dafypgarsmdti d el ectrolytes v

conventi-pmadsde sméti lod. TICE® r@a Z£Ha Oae@vadlase L i
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mi xed by ball milling at 400 bnsptnoifcohri oébmeht ru sci
Of whipClwalsi i n ex¢enns aotf dbhS®mwpensate for the
el ements during the heat treatlnmestt.oviéhre aotbt:
passed t hmewsdh sa efver,t yandOzdrheMg @l arcedi bline aa Ad
900 for 12 h. The buried powder was-then
mesh sieve and storedladZmTi@aud edsliZcTaOgt oma su rcthiols e
representative materi al for LLZTO with cubic

conductivity and feasibility of preparation.

The preparation of LLZTO powder was similar
tdat the excess Li was controlled at 5% Afte
passed t hrmoeuwsghh sa efveertaynd st ored in a desicca
powder was placed in an agate band amihei g hatr
cm. | sopropyl alcohol was used as the sol ver
media. The ball mi | | was operated at 400 rp
i mprove the powder awas vdr iyeadnTdh e arsesseud -ttihnrgo usc
mesh sieve. The obtained powder was then pr
i sostatic pressing at 200 MPm.anl hex yogedn eatsmon
remove any adthestihe. pAftetstiwvare coated wit
prevent possible |Iithium | oss and heated in

1150 and ,1200spectively, and held at this te
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323Pr epar aGxiygreantoti o d e

| nhits chapter, porous oxygen cathodes were p
Ketjen Black (KB, 80 wt%) with polyvinyliden
was coated and pressed onto AOGraygr cabhledn pa
transferred to a vadACGCumoovél hobetioyenbeahngl
size. The PVDF solution was obtained from P\

mass, and then stirred magnetically for 12 nh

324As sembLi y haOkyny Brat t er i es

The stsatienellespsl at est &t e amloeet r sloyti @, carbon c:
sequentially encapBiugataedi gid ¢ Net abl iy, mal dr &
of Iliquid organic electrolyte (1 ™M LiTFSI in
sheet in this wor-kbhxyfGkhke asast é mblleAdNas istylssttueend fo

el ectrochemical performance.
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Fi g3#3Pehot ogr aphiex pwirdwmemfbatt i esey umo b d .

Stainless-steel «

PTFE Separator «

Air Cathode -

| Solid Electrolyte «

1 Li metal Anode-

Fi g8#4Sec hemati c drnatweirnngalo fs ttrhuecx ywgen obbat ther y i

325Characterization and El ectroche

The materi al characterization methods and el

are in accordance ClWwiapherh@s€@ mentioned in

33Resauldand Discussi on
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3.3 1Char act erS alaitd obnl eodt r ol yt es

NASI CHQNMe el ect-8Bolyte LAGP

I n the NA®PIeCBNructured solid electrolyte mat
P*by heterovalent ions can | emd etmpehiaghuere . i
chapter, the 1 onic conductivity of solid el
replacing Swimehfo$whtilcen fhas a | ower valence a
heteroval ent i on 4dB@wdsotsudini of no rmetthheo de.x pNeH i mer
|l ow cost, easy handl i ng aunpd plrhoed ulecAebrRamgil caasns
materials were prepared acccCrhdipngert dakrled pmn
whi ch Ak Ge SiP:xO12( L AGP) samples with different
prepared by r%wit@aftti 8h epraer tx of O. 005, O0.01,

corresponding samples were | abeled as Si0.00

First ofemaddsarit tios examine the solid before
boundaries of electrolyte samples before an
composition of the sample grains was first/|
Si 0.005, Si0.01, Si0.02, Si 0.05 and Si 0.1 we
composition of the samples was investigated
showRi g8 el t can be ceegsatpdlhlaict ®heambi sampl e
to the NAPIeCBN T ructur e, and the diffraction

doping amousbameapesiniome indicating that Si
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crystalline phase of t hedogeamplseasnmp | Telse sX POV pe
doping |l evels, the XRD patterns do not exhib

withe patterns of 0MGR)s amplwesys efPRDMWwheh t he S

i ncreased, the XRD pattedinf fsrhaooveido nt hpe apkrse,s e
hi gher Si doping amounts | ead to t hdeo pgemger a
amount i s*Wiolol hiagth,be&Sicompl etely retained in

of NASH Y®O& structur e, and t hhee teexrcoepshsa spear tl nwi

XRD results “Schoomiedd enhtaetr $tihe pntad e clraytsttiad d @

Ssubstitution occurred in the crystalline pha
s 2 2 3., PDF#41-0034 *SiO,
LIL__J&_‘II_'._E: ; éx_“,_._r-__r,_z_s SI01

= ~ .

s | 4, ~Si0.05

= | L |4, 002

) Rt

o A U |- e a Si001 |

-+

£ 1 A_j L s Si0.005
10 20 30 40 50 60 70 80

20 (degree/CuKa)

Fi g3 5XeRD pattexmes aofii cgl sasnpl es with differ

HRTEM tests wer es ane@lifédb.rGnk dt @wni nyhesti gate t he

composition by |l attice FstgRda®he oansysiTalk sesut
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clearly observed as the coexi sTtheen cnee aosfu rcernyesntt
the crystal plane spacing s$snO0Oth2lcmmstwahi ihac
to the (104 PPUELPOSI MBODO9@dANndi dahtei negxi st ence

kegrystaliNANNaG@&N t ype satgrruecetsunreei, XRWDh ircehsul t s.

crystalline spacimaionctriysat@l04)nef phasef otf he
nm, while the crystalline spaci ngP{nsthed4dl10
nmywhich | eadsdt osct.@pbBmepywicamigc substitution i
to ocoanajfunntcon with the chemical compositioc
the ionic radius d%abcagn ilkte cshupsbhe tsudtetdhtehhate A
main crystalline phase of “tama®'s\damphe. celoWwevwe
oxygen octahedron are 0.053 nm and O0.054 ni
di fferent from each other and. ddhedttnaddfSfieof

at the center of the oxygen tetrahedra are

di fference between the two values is | arge.
Sti*f oP*'oPcurred in tahsee noafi nt hleatstancpel ephgr ai ns a
expected Si doping was achieved.
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Fi g3#GHERTEM i mage oderSdami.0sl gd mplse.

To investigate the influenceloffySofdopengamp
tests were cenedkuctoadpmd Sliecs rol yte pell et

treatedCattoBM5® h. The Fegdthewhacd pilesentyed e
the relationship between t he emiaecm @sc aamidc Smo
Compared to the LAKGPgGragnpltée ghawm -dompretdo ur

samples is more distinct, and the grain siz
crystallization after Si seepsi ntgo. xAs= th.e0 2Si t
becomes more uniform and -geaids hol esxcgeadeal
suggesting that an appropriate amount of Si

sampl e.
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i
Regulus 8.0kV x15.0k SE(UL)

Fi g37#Cer 6ssesct i onal SEM drnmangiecss osfangd laesss wi t h d
contents: (a) LAGP; (b) Si0.005; (c) Sio

As se&amgdfee and f, the Si 0.05 and Si 0.1 sampl ¢

grains but a significant decrease in size af
compared s$amphesot Aecosg diangitgh ISiteoatemé¢ i n
fluidity of gl ass, hi nders the g@mrawtnh pofr egr, a

decreasefpladefsiet bskwrr@i,udopi ng results in mor
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bo

undaries of the sampl es.

Among all the samples, the Si0.01 sample ten
uni form si ze, and ohceobedoas phreegrweme bour
presence of amorphous phases in the Si0O. 01
grain boundafri g8¢[ela’OBEme® wneducti on of pores
i's cruci al for +séitee alpipti hicami bat todr iseod ,i das i t
growth of I ithium dendrites and avoid short
GarAetpe el ectrolyte LLZTO

The pbhse reaction method is a traditwbnah s

of fers the advantages wofol simemplpe odxpgéi iome n tHD

s u

t h

us

ffers from materi al i nhomogenettteynpea ag erd e
ntering. I n phiasecbBapt er | nmh e adbodpicclA- < ubs ec
ase LLZTO solid electrolyte materials witdt
homogeneity and ensure the stabil ipthyasef LL

ntering is employedtiemntshiosd ddetiporepaTlda X
e ceramics sintered at Hiid&8e dhe tempagan!
bic LLZO standard peaks were cal qwlegt e&ed/ ] f r

ing Jade software.
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LLZTO-1200

LLZTO-1150

Intensity (a.u.)

LLZTO-1100

2200 30 40 50 60 70 80
20 (degree/Cu Ka)

Fi g8%8XeRD patterns of LLZTO ceramic pellets

-
o

The morphology of the mateFig&%avahowbat het &
i mage of LLZTO particles -esnenttgeirledmialtl i1n2g0.0 TAh
LLZTO particl es -pshianstee rneedt hboyd tvhaer iseosl ifdr om a f
a few Rigghesextlsi hihe SEM of LLZ&O®Oepgythallsmia
The size of LLZTO particles becomamsFihgpurog en
39c shows the selected diffraction pattern of
ball milling is LLZT®ipy@Rdyecprryessteanitlisi nteh.e |ITnE Ma ds
nanoparticl es, which agrees with the XRD an

particl es <can -ebnee rogbyt abianleld nbiyl |hiinggh.
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3LisND,0,, (322)
d=0.312 nm

1
(002)

Fi g8%%(ea) SEM i mage of the LLZTO prepared by
t he LLZTOmialfltiemgba(d¢) SAED pattern of. LLZTO.

3.32El ectr o®haepne rctdollelddecft r ol yt es

NASI CHQNMe el ect-Siol yte LAGP

From the pretvhicebusopnabypepreduces changes i n |
related properties of ,WHWIGPh swilnlifld tabllesaet] reac|t yrti e
properties of lkEAGR mMpdleisd dlhectrresluytt s of the
room temper atRirg#rd engdhowme ivari ati on pattern

with temper atFurgegdl EHsn skhloSvnspenct r a, the semici
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correspond to different el ectr oc hSeenmiccalr cpres

typically represent the charge transfer proc
shapetbe semicircle provide information abou
charge transfer i mpedance at the interface.
charge transfer process, whil e rgges malalnesir es e
Straight | ines geanemtad dlyl e chdelcadter ddc i € misc @In
of electrolyte conductivity. The sl ope and i

about the diffusidod fpsooescoesticlci asattoé sp:
conductivity of the electrolyte. A steeper s
't i s important to note that the char ae&cteris
in EI'S spectra may vary depending on the s
Therefore, accurate interpretation and analy
require consideration of ot hesrl nexEp eSr imaepnptianlg
grain boundary i mpedance ulshuea lglryai o rbroeusnpdoarr dys

(Rypi s caused by charge transfer andhe oqr aiirdf

boundary i mpedance often appears as a semici
provide information about the ratrggeoftrahaft
i mpedance at the grain boundary. The size an
the electrochemical properties and IiThhgedanc

strdii gphetgment typically coofespercdg ol gt eheon

di ff-aenbnol |l ed el ec(Ry).dhceh esmiaccpad gmrdo ciersltsieense e p t
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segment provide information about the el ect
steeper sl ope iinadn cradtees dr ghemduwa tfif wist y, whi
| ower di ffusion rate or consdturcdtiigvlet e ntT heearmo
analyzed to understand the influence and <co
proceAssesan beFisgeBerr® fRelbeoe®yv al ues tend to decr
i ncrease with the increase OoRhv &liuapofngt hd ms
with different Si dopi nghhaaowet esf di hiéeBSed. gt
significantly lootweerr tshaamp |ltemrsat Iadaf sthhoews t hat
transport properties within the gradiinshioufm t h
i othr ansport channel produced by the appropri
| i t i mturma n.s pTohsitsc onsi stent with the results of
al | sampl es, Si 0.01 damdillioanmia s s pmomrte wiut hiar |
Compared to the other sampl es, Si Rp0&I5y e sS,i 0.
i ndicating that the sampllei tghricmmanis@uwmd ariine st
doping interval. The analysis of the SEM re
samples have a dense struatndrae i @Rgv afd euvedsrh ahr oel
| ow. As Fshg®we t h&T)V®gl000/ T relationship cur

temperaturagrwetsb et hfarnrdh emiuad i on.
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;700- T T T T T T T ™o LI

Ay -
— 600} s C R ]
oV u
500 F ° S s oV " ]
v ov *
- A v .. -
400 - ST
_ 300F e Ry ]
N 00l f f |
100 | -

800 1000 1200
Z (q)

Fi g3rfr®oom temperature c¢ompl-ceexr amipcesd asnacnep Ipd so

O . 1 . 1
0 200 400

di f feirleinada contents: (a) LAGP; (b) Si0.005;

Temperature (t )

180150 120 90 60 _ 30 O
o5F & = LAGP
I v  Si0.005
< 001 A Si0.01
- -05F e Si0.02
= [ Si0.05
"L% -1.0 i Si0.1
) ast
o -20F
© o5t " 3
— i |
3.0F
_3‘5 1 1 1 1 1 1 1 1

2.2 . 2.4 . 2.6 . 2.8 . 3.0 . 3.2 . 3.4 . 3.6 . 3.8 . 4.0
1000/T (K1)

Fi g3Tr®rrhenius -péoami o gampglses with diffe
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The results aft utrbee cromadm cttempeary, activation e

sampl es aTa&b3dhoFnnom nt he table, it can be seer
boundary conductivity, and tot al conducti vit
then decreasi 8g w9ophngncAmasgngl | t he sampl €

hi ghest grain conductivity and boundary cond
of 3.8 [&mlDhese conductivity results indicat
The relative density values show a positive
and then decrease with increasing Si doping.
of 97 . 9 %. The activation enerngyenreggyl tosf itnhd
decreases and Bahercreflcrdapengwi tclorrespondin
conductivity and verifying the calculation ¢

activation energy of 0.34 eV.

Tab3dld8Bul k conduchowndary, cgmauant i vities, t ot &

energies and rel-adrnam densdmpleess owi tgH adisf f er

SampR(S &t Ry S % R(S x Activati Rel ative

(eV) ( %)
LAGF 2. 23 1.381 1. 98% 0. 38 90. 8
Si 0. 3.477 1.65 2.87 0. 36 96. 6
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Si 0. 4.541 2.231 3. 744 0. 34 97. 9

Si0.3.981 1.620 3.324 0.35 97.6
Si0.2.04 1.15 1. 784 0.37 95. 5
Si 0 1.887 4.891 1. 25% 0.37 93. 2
After EI'S testing, it was demonstrated that
be i mproved with the appropriate amount o f

sample had the highest room tleepappltiuceati omi
el ectrol ystteast ei nl istchliiudn batteries requires nc
conductivity but also good electrochemical s

/ldi scharging p6o6efdsd. s8mpte ethkhbibited good i

el ectrical pr ope*rdieipetsh weor ee xipnl voerset iigast ede aisn bi
state | ithium batteries.

Cyclic voltammetry was used tsampbkésthe st ed
el ectrochemical stability. The DC polarizat

number of the samples and to study the prorg
' ithium ions. Cyclic volitOamre tsraynpwas wp & hf ar n
mV/S and a c&nVr aongé &f The cyclicFivplrteamme

312 Two r eweorxe pelhKesrS5vevd aantd 0.5 V for the Si0
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redox peaks were observed in the test voltag
materi al can maintaiwm télhead thvgosih a one c abamg ¢ a b n |

el ectrochemical window above 6 V.

Current (mA)
o
o

1 0 1 2 3 4 5 6 7
Voltage (V)

Fig3#rZhe CV cOr Vd cegeflraaSis cs sampl e.

Il n | titomi wbomtteries, the sdliitchiomnmmdtiurcoloyt eanfdu
act @esctamnelinsul ator to prevent short circuli
the battery. To determine the total conduct
el ectronic and i1onic conductivitees,) e&t Sonil
conductivity of the Si0O.01 sample was eval ua
evaluation &r g3lp3® dldren tDed pion ari zati on curve C
ionic current gradually decays until it di se

|l eaving only the electron cumobntityVyhaeumakcu
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to 1, indicating that the fabricated Si 0. O0:
demonstrateSit hgaleasdshiGP mat eri al s, i ncluding
promisi ng oprbasrmuedeatdgsh gy Hesdsaittey |sa hi um batter

S

0.09

0.08 !
0.07 |
0.06
0.05 |

Current

0.04
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Fi g3#r&EFhe DC polarizatierramics cfampil @. 0]

Gar nretpe el ectrolyte LLZTO
The ionic conductivity test LoOAGBLLZTICh ei sL LZiTn
precursor powder was poured into a cold pres

set at 4 MPa. After holding the pressure, th

LLZTO bill et was then dodd acrudciinlten, aa nnda gtnhees i
surfaces as well as the surrounding area wer
cruci bl e was t hen pl aced i nto a <chamber mu

temperatures of AQ,0O0qteislyieslOy,. alrhde Ir200ti ve de
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electrolyte pellets were tested underthiheffe
relatively densi t&9%2 atnhde alLfLtZeTrO spierl theertir eds ad ti
densi 93¥%.walshieci oonductivity of the electrolyt

and gold spraying.

The ionic conductivity of the LLZTO solid el
temperature conditions was twosrtkesdd as d pair. a tTehley
results darigg8d¥kkowsi ng the i1 onic conductivity
conductivity of LLZTO electrolytes sintered
results afeb¥howomparing the results, It w
temperatsuhe dehecty and ionic conductivity c
t heepmrr ed LLZTO powder and the formed el ect
environment because I ClQmMBO®etremds wtida hpd @dvuc ® nli

air.
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a)

700 VS
N’ L : LLZTO@1200 . [ ] AA .
600F . LZoerio R .
500 | o
- 400} ot -
| ... AAA i
xy 300} o .
" 200}
100}
0 . 1 . . 1 .
0 300 600 900 1200

Z (a)

Fi g83Yr&Rootmemperature EI'S test of bulk LLZTO

Tab3i2dhe bul k i onic conductivity of LLZTO ¢

Sinter. 1100 1150 200
Temper(at)t
Room t emp - . "
butkndudtS 2. 1100 2. 727110 3.32110

c m)
The LLZTO's electrochemical window and el ect

met hod &3 .LAGR cyclic voltammetRiyg3¥ldes slhtoswv of
two redo¥. pedkanat 0.3 V. Wi thin the test vol
observed, i mplying that the solid electrol)

stability and possiersd®w @me @&tlercttroarmebni ¢.al W
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Current (mA)

1 0 1 2 3 4 5 6 7
Voltage (V)

Fi g3#r®he CV curve 0] e€LEZTOr L9206 sampl e

Using DC polarization, the electronic conduc
Fi g3#r@&@hows the outcomes. Dhe idagl aawlmdteir o eanfo n

LLZTO is a pure ionicSicontdwaditeod ,aowmé.l ar to

(

0.36
0.35
0.34}
0.33}
0.32
031}
0.30

Current

0 500 1000 1500 2000 2500 3000 3500
Time (S)

Fi g3r@&@he DC polarization)caelteetobl ytE2T©&am
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3.33El ect r ochreernfiocralha nc e fLiTte5iOm ymge n
Batteries

NASI CHQNMe el ect-$iol yte LAGP

To verify thedppetioLA&GRcel ettt S0l yte in batte
fi-cgtl e dcihsacrhgaer gpee r f o r maanscsee nobfl epduS #ers i NG @ d
soisitcat e -olxiytgreinumbat t eri es. The saampl selwe dc the ch
assembl e -Stibhaes eLdA GcPe | | becalsehiotmonrhdawsc ttihvei thyi.g h
batteries were tested at room tempegak@ere in
at the current 2denlsetiyniofi &I. 1dimAclcanr ge- capac
Si is about 26.wWM A thhatmodd ttet tlLeAGP2i s 3.5
Addi tional Ifyf,ecSii vedd yi medaices the charging p
battery charging plateau is€opedowWwWAGPVel Elhi s
better i1ion transport capability. Theremor e,
t he -stodti el-olxiytglreinum att er y -Scio netlaeicntirnog ya e, AGR t h

and a KBxygagebooat hode.
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5.0

0.1mAcm?@RT

45}
< 4.0
Z LAGP-Si(Si0.01)
) I — LAGP
% 3.5
= 3.0
o —
> 25} \

2.0 L . . L . .

0 1 2 3 4 5 6 7

Capacity (mAh cm™)

Fi g3#r®he firsdtchaige haugedad e¢dofiixysgoelni doatteries
LAGP andSiLAGPectrolytes. The cutoff wvoltage

FigBit&hows the reomndi sceimpeget cur weasatef-|lathbol
oxygen battery at different currents. The ba
and 0. 2 nmwWi tchm capacities of up to 7.211ThHe 59,
corresposdhmagge plateaus are 2.60, 2.57, an
di scharge plateau decreases and the charging
the generation of siTde semct aohntycresn obfb ey o e
can be attributed to the fact that the charg
of side r eadMhteinon hper cdipatcs .ty i2s ( henibawdt éoy Oc
steadily for more rtaiamg23oodclcegFE,l gpgB-@ppregtl ol
However, the cells assembled in this section

positive side to reduce the iIntsoidibdai ad |l i Mmipie
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oxygen batteries.

50rcrs (Si0.01) @ RT

| P
< 40}

== 0.05 mA cm

% 35 —O.lmn,;cr(:'r;
g 3.0 — 0.2 mA Cm
(@]
> 25} ‘\

2.0 L L

0 2 4 6 8

Capacity (mAh cm™)

Fig3r&nitialchlarsgd ac \grevsetsa tod -olkintgreiswadlée er a e s

current of 0. 085, rOeslpecntdi Wel2y . mA cm

5.0 —
LAGP-Si(Si0.01)
4.5} 0.1mA cm? @ RT

4.0
3.5
3.0

/

10th === 15th
s DOth me—24th

Voltage (V)

2.5

20 s 1 s 1 s 1 s 1 s
0.00 0.05 0.10 0.15 0.20 0.25
Capacity (mAh cm™)
Fi g3r®ycling performance efi t(I8é Ob dtltfamide 0 . Us

| i mited capaemty of 0.25 mA h
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GaraAetperel gte LLZTO

Similar t-8dbabeddtd®dtPe elxiytgleinunb at-steatye Iaatstodriy
prepared using LBAGO®e nad lai -tkoBn tceairnbeotng!| cat hode
and discharge testing ufnodceurs epsuroen otxhyeg-eans s elnmk
oxygen cells wusing LLZTOA®,bttlema neeclde gbhyi bd iyrsteetrh

hi ghestonidunct i vity at this temperature.

The initial c har ge/ dsitsacthea-olgigtghreimurnvhe slt LA y Ot Wwaett
di fferent currenftfidéd@i These abaet séoiweas i mave
around 2.65 V, whileaen tihresictmitfgipmagntattevaae ssTha
two plateaus correspond to the decompositi ol
attributed to the-pdedon@@oddi@wiolnl odc ctuhmeul g e
sur face ofl etchter opdoes,i tainvde tehe charging process
resi ¢d@@lleadds to a decrease in conductivity w
causes a reduction in subsequent cyclGRng <cap
Sbased Fagl3k&i nh-di $ckoadbgge capacity of LLZTO
to that-Siof d4dNGPtmmerfdiscati on work before it

application.
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5.0

LLZTO(1200t ) @ RT

3.0
2.5}
2.0

45}
S 401
Z 35 0.05 mA cm™
o —— 0.1 mAcm™
C:G —— 0.2 mA cm™
(@]
>

0 1 2 3 4 5 6 7 8
Capacity (mAh cm™)

Fig3#2®nitialchlarsgd aac \grewvsetsa tod -olkintgreiswrb adt er i es

current of O0.05reB8pkcangedy2 mA cm

The cycling perf éorameerds ¢ ad fe dixhyegrelnu HTaQ t er y wa ¢
room temperature in pure o¥Xygda@a®r ahd -thpaci
l i mited cycling approach mitigates severe de
and discharge, which is a measure of battery
of 0. 2%amADAcBenapacity,-bddhedstdaziTeOdlxiytgreinurbat t e
can be stably cycl edepglognilo2h st i oreepsa cwii tt yh.o uH o waer
number increases, the chargingaovempmtteinda al
mai n plriOdaunck t he-t dlédd mpepsreo dd@Q@ ont he positiv
el ectrode. Therefore, finding effecti®e cat a

i s one of the ways to i mprove the battery's
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5.0
4.5
4.0

| LLZTO
| 0.1 MAcm?@ RT

3.5
3.0f

1st 5th
10th =— 12th

Voltage (V)

2.5

20 . 1 . 1 . 1 . 1 .
0.00 0.05 0.10 0.15 0.20 0.25
Capacity (mAh cm™)

Fi g32E€ycling performance of the ?antteimesed

capacity aonfiZ 0. 25 mA h

34Concl usi on

I n t his wor k, t wo ditfdteed erl e styrsd leyrsa s@fd | snax
el ectrol yt ebsasaendd elle£T@®ol yt es, are synthesi z
el ectrochemical properties are inweshigiatkbdu

metaanocsdeand car bon cat hsotdeetse-st@olg itadsssies)roldlvieg dsiod m
cell s, and the electrochemical performance

main results are as foll ows.

(1) Thep elli -3 iAGEleasasmi ¢ mat eri al s wi t h hi gh
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successfully pr egpueernecchoinitgr oIt lhed med ystal l i zat
Il nexpensive raw materials, and the eAGRct of
gl ey asswilcaand ,t he mechani sm wer e sysstteartae i amd
sefiolsitdat e -olxiytgheinunbatteries -Qnissembéed wethalil

capability at | ow current densintiiad,, demonst

(2) -Hergfhor mangeegasrmonetd el ectrolyte LLZTO wa:
sotpihdase synthesi s met hod. The experimental
temperature anidnf ¢ uehoec e b &y stiycpael | perca preorcthieers c
performance of-stLB=ZTElxiylgheenu shoaltitder y assembl ed
cycling capability, but the polarization vol

it and taeheglhectrode

I n s ummaroyf, oax islderaitsewsl eldectr ol ytes were succes
which were utili-gtat @ ofaisihcht Y- Ay gebri uache!l | s .
el ectrochemical per faosrsteasnsaeadd ot hehéea@amstciba ll 5 0 #
soisitcat e -olxiytgheinumatteries were demonstr-ated.
solsitdat e -olxiytgleinu b a t € efsu retahlt eer resear cdf foenc tdiewee
cathode <catalypesfopmapmatieagt thdlIgyht es , and e
i nterface -sbteatwee eenl escotlriodl yt es and el ectf@agde me

the subsequent i nCéaspiagE@hbdpixerprsesented i n
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Chapter4Bi | ayer NASI CON/ Pol
El ect ool WitaealbHBthka t&S&Bht t er |

Adapted anfdr ornme wirhiet tpeunbl i shed articl e:

Z. ,GuX. Xin, J . Yang, D. C. Guo, S.BJi.l ayenrg,
NASI CON/ Pol ymer Hybrid -&Eil ®te®Bail vy €iSd A.p p ISit e db |
Energy Mat &r7i)al sp,1 529012429.

Abstract

The practical appyYgedt { bat todr ilest hiiuml i mi t ed
l'ithium dendrites and the use of fl ammabl e

woulcéduse safety i ssues and, weoopr eseali nag bsi
organic/inorgamniac e hebbreicd r sloyt @ t o I mprove

el ectrochemical -Opbat boe nbomped O6NASLPEONel ectr o
Li AbhGe Si . Bxn @A LAGR) serves as an inorganic rioc
ionic conductivity and provi de a barrier bet w
Poly(ethylene glycol) met hyl et her methacryl
| ayer due to its chenpaftiitbiing tfyr ovmtthhd i $ yrmem
LAGBI and PEGMEM, the obtained hybrid electr
good stability against I|ithium apwmohetr Conselhd
dramatically reduce-8i bwi tbphabi hg yTphuer &syobl A (B
stat@batiteries empl oyi-Shig ePlEeCCME-M@LYAAGP del i ver
di sciohmgge capacianwdofenhadcmAh cyml ic perforn
a restricted c&pakhda yprods é@ntd woArhk cdrel i ver s a

solid el ectpeorl fya rensasntcaeestOethalltgithed r | e s .
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41Int roducti on

Wi th the i ncrdeansainndg fgolrobeal ect ri caloxemetng y L9t
O) batteries have garnered considerable int ¢
energy @edn sWht kagf @ hi gh speci finA gylapach .t y9 d,ent

172] However, t h e -Odbeavtet| eopirnepenit v solfi ntdier ed by tF

stability and safety issues, which are cause
fl ammarbglaeni ¢ | i qui d 1al3e6tOr glaynt €es | (lgEs ) el ect
fl ammabl e, explosive, and unstable at high v
cyclic performance in the actual application

It hi um dedndpiidrec ewotuhe separator and cause

battery overheating amllatetxer s e@mas yBsemmd n evsh e

l iquid solvent may | eak during battiearny aomder a
combusti on. Substituting solid electrolytes
real i stic and ipnreosnoilsviinngg atphper oaafconr e menti oned
could eliminate evapor at iotnr alnyt d se,a kmaigtei gdt ev
or decomposition processes in batteries and
extending the cycling |ife. On the other ha
barrier, pr evenndtuicnegd sbhyo rlti tchiirucmu idtesndir i t es anc

Generally, soliestate electrolytedor Li-O. batteriescan be divided into solid polymer

electrolytes and solid inorganic electrolyfe8 . 2Although solid polymer electrolytes provide
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machinability and flexibility benefits fgportableelectronics, their poor ionic conductivity at

ambient temperature necessitates operation at raised tempefa##ds80], which woud
exacerbatehe side reactions between the polymer and th@.lbhattery's discharge products

[181-183] Diverse solid inorganic electrolytes have been extensively investigated for solid

state L+O, batteries, such ap er o visykpiet;p e a p wisykpiet,e-t gpaenetsodi u
supercioondiucct or -t(yNAegIl GONG 85108 5odne seleil d ct aoé yt es
desirable due to their highstséledaird tnya, dgehl ul si,t he
il on transference number, which enabl e them |
enhance -dhasrcdhar ge[rfd®Y AMOBAG&A mo n g solid hnergaaic

electrolytes NASH#H PN e lLd &b Ge (sPJR2eL AGR)oniss dered as t

promising c a-@db altatt eer i fedsr olwii ng t o i ts high
el ectrochemical wi ndow, good mechanical str
stability towardsceokBgenddafithereshe nl &ige i ni

resi stance caus esdolbiyd ipnhsausfef iccanetnac ts obdetdwe en
I s a t ou gdhid inorgaio @ectiolptesb a s e-G2blat t[eX4 B8] The sol i
el ectrolyte and theotllketwetdealnlae er whi clcomék
contact and highnenil emfild neg rteosisdtoavn ed ,ect r oct
unexpected bafv@Oy] ol &a hiegmadoadht@an | ehge of LAG
e ectrol ytes wleded hmead Gehen in di,peotladbdgt agt
to the for matciommduaft i migxte eh t de@ tf earcieo raantdi on o f s

[ 194, 195, ThWss, ada6]losattatncboth high i1ionic
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i nterfacial contact between el ectrtoydmid and e
inorganic electrolytes n -Othiat t[e2d 7%,s 2 M&J fctoinndgu cat iLvie i nt er |
of a solid polymer electrolyte between the L
the aforement-Obae texd@EEMSEelsi d npedleycmarol yte poly
glycol) methyl ether metdédaiczgd alsyw | 4f RIERBEGBEVIEIMO C
cured medBbhbids pol ymer el ectrol nteeni eaxlhi i nhsd o
excellent compatibility with metallic | ithiu
PEGMEM pol ymer could be chosen as a buffer |

the interfacial resi sitdmee Laned |l icde odea atnido re

In t hi silvaogrekr, hay bbr i d s ol i d e lselidinargariceleceolye® ns i st
backbone and an ornganieof obrPfphempiib t eb e e Yy &1 i e s .
Poleyhyl ene yll yetohér mmethhacryl at en ( P\eaMEM) pr
on t he soldinbrgacieelectblytelsi. b .Ge SiPsxOr{ LAGR ) pel |l et wu
uv l i ght t o produce an SPE i nterl ayer,
(PEGMEM@LSAGIR T @ “SnNi th | ower valence and | ar ge¢
replacefimarntheofprR ss¢cémamilLASPt gi imisggmiov ec d meu ¢ i
The introduction of P E G Miemp rwaavse da i imetde rtfoa cp rad
el iminate the sideSir eancd itohnes Lbie taweoedne .L ATGIH s h
t heenhanced the Li sy mme terxihd bddlilngc ynalrirrogvest

after near 1000 -BiourBut hlaat meCeledtitnelPi els e mp |
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PEGMEM@L-SGP el ectrolytes -dbhrgercapmicaptiy do s c 1
and advanced cycling stabilityAochhdadt9 ac ycculrerser
density 04 Gi temAthm adv anpoalgyense rofs tar wd tl taryee,r
mi ght pave the way f-oft atOgbedtideewrdlecspmarnth afmpsa

and stability.

42Ex peri ment al
42 1Pr epar at i oiGloaf€esk AGP c s

The NAStgCpPd solid edSectwroleytpe £ plauke@lic hb yned hmoa |

ambient air. Based on thd G®IiS.i6.Cc Oz 0 rae tnri ixd ua mo
L i carbo@@ad®e. 949 %, Al addi n) , abUMd nd @ dadAd)y OX
germani um09Pde9G&®WO Al addi n) , ammo nHRIGn di hy

(99%, Al addin) amn)d (s99.i9%%,n Adiaodxdii thé) e WSeifr@r f4 hr s
rpm and then anmeal2ehd taot r7e0mMd v e rv dlhatti,| e hgas
products were ground agdion axrhd elwveatheodnogeg neo
which was subsequent | ySi g ugelnacshse.d TthoeS iocobbgtlazai sse Ic
powders were pressed i n ad mfodrdt lwert hi sao gdti atmied
MPa. These densified pell etosutvwee raec hti eevre danAnGePa

ceramic sampl es.
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422Preparation of BSEGMEM@hLABGPes

To prepare the sopodypygl gmerylbyetblegr Mg tahacr
~ 950 Alsdirgintcah) and | i thium bistri fl uwAdrdomecthh ar
99. 95%) were initially mixeti8basetd ambiépt mb
in Ar glove box. AftLeéer sphysiwoall dstdissiohg,.e th
homogenous transparent sol uti on -dvame t-8hbotxayi n e
phenyl acetopheno-Akdr(icMPA, 9 S%)g mawa s added t o
photoinitiatoroamndlt isOMPA ewda sf ocro mlp2 et el y di ss
precursor solution was th-8h pal tdefl andoexpne

beam Date2cbnduct polymeri zagoloyymeracdli ewti mgl

423Sampbhar acteri zati on

The surfaesecdndnaltosnorphol ogy and el ement (
characterized using a field emission scanni:r
together widitbBpansiemrrgpectrometerapgEyYySof (The
sample was analyzed by transmission electro
higkesolution transmission electron microsco
synthesi zed electrayytdetf wastsoadDERDbhgDX Ad
usi nkpr Edi @ar¥ bnpdn8maBge-8@FA.1TAer mogravi metri
wer e carriecdepuir oonnmeaht NPyris Di amond) . F

spectrod®RgpWi(cPHTet 6700 speenriomgtehg whe mu:
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t he regi 6n0 0ocf@m2 0DMbi ent temperatur e. The e
spectroscopy (EI'S), direct current polarizat
by Sol artron 1470E muttbchemhebh!| pwbekstast
conductivity was tested by EI'S in the freque
pell et samples were sputtered with gold on b
i oni c cohk)uicg indeddtt epryriit he f oA | OAWM Y, gvheely(lear)i ,0 n :
R()an®(c® represent the thickness of the &ele
el ectrolyte, and the effective contacting a
coadtiviti-8s pél LAGPsampl e30 wtedg el 2n® a s ua red tf hr¢
energy was calcul at ed, &/ expltEART),nmpered s the pree e qu a
exponential facto(-); T is the test temperatufi); R is the molar gas consta(&.314 J K!

mol?); andExa is the activation energgkd mol?) for Li* ion migration.T h electrochemical

window of the electrolyte was determined by CV of Li/electrolyte/Au at a scan rate of 0.5 mV

st at room temperature frord.5 to 6 V (vs. Li/LT). Electronic conductivity,(e) wasmeasured

by DC polarization experiment. The sample of PEGMEM@LA®®as inserted into two Au
electrodes, and then apply a DC voltage. Then the lithiumtransferenceumber 6 ) was

calculated based on the equatian: A K 7K.

424As s e mb ITgg s tainsbg -Boda t ©2Ceil | s

To prepare the poroRlsaoky@kB, cRCHOAUED, Kleitg re)n

w t %) was mixed with polg29i nmyl i%)d-meitA ARdduror i c
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pyrrolidone (NMP) solvent to make a paste. T
was dried in a X¥o2ocuhbueni oarte 1t1hOe A G sftorcel | was
|l oading of KB mat er i?al AFOwmdat taebroiuets Owe6r emga Scst
gl ovebox in an argon atmosphere with water a
Obatterbyr iwcasst da by inserting a PEGMEM@LAGP e
and a Li metdl odnod@maqamrduszs0l i quid electroly
O. O5reMmadi & RMOr hi om(idieBr ) in tetraethyl ene ¢
( TEGDME) awWlaled to infiltrate the -Sia/tkhB dceel IT hw
obtained. -At atOeb dthteersyoliisdd i nstalled in the ¢

then pass a cont i na du s ufglhow hef cheildh fpur iatbyo u@

Thel ectrochemi calOxcpeelrifso rweasn ctee sotfedciunder a ¢
system. Specific capacities and current dens:s
cat hode. Di scharge and charge profSiilLes aofd t
KB/ LASSP/ Li cells were tested under the volt:

CT2001A testing syst-temo n(iWwhanLtJdli.nnuat Ed @ecm

di fferenti al el ectrochemical mass spegxéedomet
to detect the volatile products in battery c
manufactursesameosmpongenhhe (anode, electrolyte,

Gas evolution during chargimgr garls gax Itamuauses

rate ofl 3 ml mi n
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43Resul ts and Discussion

The schematic i1l lustration or itshe |Bipygsurheas ie:
4-laFirsthlyGeBOizand:s Al Ge Si.Bn @p2g] ces ami c pel |l et s
synt hesi zed by-qauenccrhv anettihorda li nmelmb i érmats eai r .
electytes woul d react wi t h i pahngdner t Ipr @
poly(ethylene glycol) met hyl et her methacryl
one side-Saof paellAGRanddtheng&iverate a fseol i d ¢
| ayer. Such a buffer | ayer could alleviate

el ectrol yt esarmsd Bavgdibtar o d e

PEGMEM polymer

e

Melt-quench method LAGP-Si glass-ceramic In situ UV-cured PEGMEM@LAGP-Si

Single-layered structure Double-layered structure

Fi g#4(eS)chematic il lustr&iiehectrptegpasi wgth
buffer | ayer. (b) Detai-Obdtsehemat befiolrleuamn

modi fication with PEGMEM.
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Tle structure and-pmeppheldo ¢gSAGEd nLdA I GRFPE GMEM@L AGP
were characterized by FSBEM2zEnat hX RIDAIGAGSRInd 0 wn
exhibit typtympaé NASI € ONIOrOu3cdt)u,r ea n(dP DnFo# 4ilmp u r i
detected, which i naviowd tlefsf etchtatt hteh ec rSyis tdad p isnt
HerelLihb&Ge Si.bx @20LAGB) refers to the one witdtl
content. To further verségtitbmralSi madoph onlgo gif &
and LRAGPpell ets were iFn\ygdabidi. g &t &eEdD Sa smasphpo wing io
LAGBiIFi(gd2ce verified that al | et dmenghoat et
LAGP el ectrol yt*hasi nbddecmatsd ingc etshsef ugil'y i ncorp
addi ti o%i, paARGIPO4I)sh awr e uni forgnr diomedadlyear e
f ewerracks between different grains, resultini
densificationpwherGFciqgquyZdleTbai te dicft ri-8@RP i on
samgHieg43)es corresponding f{T&compa StE Msitrhchu gth w i
LAGBican not onl y-ifoacitlriatnastpeorliti,t lbiuum al so i nh
dendrites along tMoa egnva&irn lBeurmdaroynsequence
l ithium concentrations in solid phase, dopin
amohgtgdiitc@é& S| COINr u,c ttuhreer eby i ncreasif2d®d he i o
check the cryst-8l | LA&EBrl &t épeolflydtdp@araed i zed
investigated throkglhgdAEMowisng hdowst iimct | att
amor phous phases coexi st. I nter-fi amar Osp@gddi i

correspontdheginterpl anar snp asctiamgh(@dri@ FaLrgybsetea |
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44 and d sdhoduv fdirfafedlsheGB sampgeer i fying the e
amor phous pheSsé&s gultees hdABP wvhewt &EM | mage o]
PEGMEM@L-ASGP It can be seen tha$®%i asmaf acceoa
homogeneous organic buffefSi |l avyef acaemidloarme do
mor phol ogy with thaRi got5 et hlen pad e&i tPIEGIME Mt He s
character (the optical phot ogirgpdhe @afe thav pua
for adequate contact with the electrolde, thu
spectra of solid polymer PESHMEMFBgdi eIHBGBMEM |
C=C double bond pkakG'iaamh mpoogqblyva6D6hed, I
PEGMEM monomer had comgpl poly me rc Jb2elilf]@ enstilochesse,r
t hermogravimetric analysis (TGA) is perfor me
pol ymer PEGMEM in a nitrogen environment at

demonst rFatgeddB,ei nhe PEGMEM i s rat her stabl e

decomposition of polymer or Li salts occurs

st abi2lli8t,Fi2nedl]l y-setche o g42meprgef t he PEGMEM@L
Si i ndicates the thicknessm ofandhetPbBOGMEN It &\

LAGSBi |, which can facilitatei bhbherfathium i ons
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A i, terseeeouen
s |l

S Ll o s

%‘ A Pure LAGP

c

D P ook |
c

- PEGMEM buffer layer

10 20 30 40 50 60 70 80
26 (degree/CuKa)

. '
el

Fi g#42(ea) XRD patterns-Sof PEGMENMIGRAGCPEGGPM, an
KB cat h@rdessesc(tbh)onal SEMSI megleasaanfi cL dA@Rmh &t . (c
EDX i magesSiofegtlam@&P ¢ pelsleectt i(odn)alCrSoEsM | mage o
(e)viegw SEM i mage ofSIPEGMBEM@UrAAGE sectional
PEGMEM@L-AS@P ectrol yte.
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Figa4d4@ TEM i magXi oegledsAsddP c b)s aHT EeMo L{(A&® e
gl axeg ami cc)asamglopd y espondi nspfSABIPmddatsasminc

sampl e.
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Fi g45Teo-pi ew SEMpiuREGMBEMN y er .

Fi g#46Tehe opitcmc@au®EGMEMI| ymer el ectrolyte
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®

8 — UV-cured PEGMEM

E — PEGMEM precursor
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Fi ga4tTehe-l RT spectra of PEGWMBMPEGMEMTIr sor an:q

100 b— —— PEGMEM
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B
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Fi g#48TeGA cusoli oafpol ymer PEGMEM

The Nyqui st -9il oarsd oPEGCMEIP@R AEP MeasuFedurae s
414, and the calcul ated'* otanncd c30 fisdmta tliOv o b ime s

temperature, respectivel yCh alpht€Each3d3peeh 0 wne ntt lad t
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x
I

Of OlLi AbGe SiP3x012is the most-dapipm@peamaueaet Si
optimum conductivity in this woftlkey eeArf,t etrheb el
conductivity of -BheePEGMEM@LAG&GPat r'o®mcmempe
1 which i s hcaotmpafr atoh & iTphwer et eLnpGePr at ure depenc
conductivi-3iy dmd RERAGWEM@WAGE measure@dOevery
100 as iHilgudsktier a tBeod hi sampl es show good | in
the Arrhenius relataonishatpiRiméesébeyYeapdondi 8
for ISAGPand PEGMEM@IL AGRPecThexd yresul ts sug
i ntroduc&tGM&EM aofouPd not substantially increa
energy ofSit hel eL,cAGPoI| yt e. Nyqui-SiFi(@ml4d®tesa nod PE
pure -BAGPI edtirgaHkrate sdi(f f erent temperatures a

i of mati on.

2000 I }
1500 | [
S 1000} 7 1 —e—0oC
- }‘ —e—10°C
N —a— 25°C
! 500} —v—40°C
60°C
80°C
0 | [ 1 " 1 . 1 L 1 N 1 .
0 500 1000 1500 2000 2500 3000
Z' (Q)

Fi g&49Tehe Nyqui st -Spildoatfsf tefema® GP ur e

135



2000

1500

1000

-Z" (Q)

500

0 B 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Z' (Q)

Fi g4r®he NyquiPEGMEMALsS@R i f fteermmeas at ur e

Cyclic voltammetry (CV) was used t o asse
PEGMEM@L-SGPutilizing a -%ii/l PEGMEM@LIAYGPi n t he
0.5 V to 6 V at b HAcashioghak® oaft MNerSe mvr es t wo
peaks a®0. arYuadd 0.5 V, which are attributab
Up to ®bV,jomisdati on peak i sEGMBM@LASGPh baisng
exceptional electrochemical stability.- The e
Si are probed through direct currFengtaXr@DC) po
The electronic conductl@S$ tdati sa nchail ecnutl atteendp etro
the calcul ated Lioioh PEGNEWMGOB®LAGReWnI®®bse

toand higher than that|[ 2I5]pasel PEGMEMal(D. 2H 2t
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PEGMEM@L-SGP coul d be regarded as a pur e o)
NASI|I GtONpe el ectrolytes by inhibiting the mot

onl Vi opiar ti ci pate in charge transfer.

The tenm compatibility and stability with 1
Li/ [/ Li symriratgrdir @& babtver y he v onlgt aagte ap rcoufrirl eenst
of 0. 1%2ammA cameal crdhavd tThef LD/OUBEGP Yy mmetric
exhibited a | arge initial polarization volt
increased in the following cycl es, suggesti
during the strisgpianagdtprd adti ngt lpeSoit/i B BPGEMEWE M/iL
symmetric battery demonstratedcpeomwfeaor maon ae.i z
pol arization voltage exhibits al most no char
interfaaoi akt weao$it baend AIGIPt hi um met al was gr e
EI'S of the Li/ [/ Li symmetSrii s hoenvsl | vwiwtelr R EBEGME N
resistances than-Siheafcteerl Iw0iO0t hh opuurfse iR ZBPy c | i n
The PEGMEM®LAGBI i d electrolyte -8il ealrdé gt roalt ypt
terms of interfaci aCl earalbyi,|l i R EGVEMERILMs&Hy alrid eadn
as an excel |l esat athodtctee rfioers shoelciaduse of 1 ts s

wi de el ectrochemical wi ndow, -iloonw terlaencstfreornei ncc e
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Li/ LSGPLIiIi /almdAGMEMSL ABEGMEM/ Li symmetric bat:

density o%fatO.rloomA tceifmper ature in the oxy
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The el ectrochemical -sae b aitmaerrcieess od 8 lhayidnogl i
PEGMEM@L-SGP el ectrol yt ensi tvhe rae KiBn vceastthi ogdaet eadn d

schemati erogf stthawclhatrte and the di schaRrgefehar
4-1 3 . The PEGMEM@:IA&Pt r ol yte was sandwi ched b
Li anode. Here, nickel foam is adopted as a
anglr eventpampeaerrboinr om bei ng Firgdth@e dp rbeys etnht es st phre
gal vanostatic dischagstgaet & hbatiewipiraeadASiEPE amd f

PEGMEM@L-SGP at a current ?eetnederny .f0 0V 0s85n dnAd .c!
st atOgbdtitery with BEGCGMEM@NVNAGR a higher disch

7 .nBA chmdit han the batt &riy WRictBh) L mpuaeddi AGBNn, the |
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of the discharge product Fii §4irfnhe <thi gadtoavds lay t

toroi dal s hhaeg egern enrd@itciadn nagf tLi

To further ampa&lry e mhhe esctpatteitblddi t soi e d, t he <
di scharged and charged ranging from?22.wWittho 4
a |l imited mApglEdi ayme@dofcod.respondi ng gmAaghi met ri
lFi g#4Y® demonstrates that the dis$haagseemmbl &
cel | has a pl atTehaeu cohfa ragreo ucnudr vZ. 7c IM.mbed fr o
gradual Idy tioncarrecausned 4. 3 V. This cell al so ex
cycles, which odbtpastemms etdheel AGRI g4lr@)n|l v 1
and pure-bREGMEM el | wi t hi gldt pBteash, Idet dcey gdeiessc h(a
pl at eadb atft &drii es using pure PEGMEM pol ymer i
and the voltageVicsurbMe)4it® Bhowsuahengel ati ons
charging capacity and the number of <cycles f
the restricted voltade galtdiegexbobdt si bhe. m#ddr
charging and discharging varies with the cyc
seen that the cell eq®i ppad wiestmhREGHRE MQL AGE
a more stable voltageharagd ady olne sd,urad smrgr eds psacrh
res wlfd ss cdc & @agecegue .viehse surface mor phol ogy of

el ectrochemical cycling gamkisgdipAfitnewre sltOi gcaytce

the | ithium surface with beixlhagbeirtesPEGCGMEMQL AGE
140



t hough some cr aki

exhibits a pul v

PEGMEM@LASGP coul d

restricted mAagmtt

K g4tIvise) r, e wohbiisltedr ivitende, Bi(t | eAGP o |
eri za&tiigaml & phhidg rl@@s o ws uit had e

stably cycle at a?wiitchhear ¢

otylofcpPcHMes, which d@monstr

batteries assembled with this eltecet rrodtydheel:
PEGMEM@L-SGPhas excell ent interfaci al cont act
el ectrothbmicaly, swhich makes-sittatCemdiidenil el e
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t he -stodtOgt eLlil he(b)r 3t di schadgcged |prwd-8ihl dnmPdsP t
PEGMEM@L-SGP measured withi n h2a.rOg et oc udr.vse sV.o fD
(c) PEGME M@®lbraGRe d abnqdidt) e tSA G ased battery unde

l'i mitatmAdrchmhat @.t4 dremesnty 20f( @) 1ChméAr gen capac.i

against cycMedganumbeét agedhearfge hceu rdvi essc haag agier

number.

Fi g&4Yr8EM i magkeBcaft hidldeer d.i scharging
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Fi g4 Pi schkaragegeo fc utrve sP E GMEMGDL & & Ribnadtetre ray
capacity | i mht &@dti om odr NemAmdemsi ty of O

Tof urther analyze the el ectrochemicailn rsiatcu i
di fferenti al el ectrochemical mass spectr omet
evolution durirrogTeltsdssegahaegoihgt i onFibgydrY BEMS an
corresponds -wtedde tohdathgegi n dF iergedlcd. s siudteilpe cit reidt i
stage of charging witbhbO:ovrertyhd osvurofvaeea e@ oureddari g
del it hi aiOion ntot hlei sedcaederdompgages tLo produce
i ncreasi-Dgrivodg tialge fi nabnusetsage) sehai vol t hge p
CQ which may be rel at edQ[tl® 3t,.h &52dygnci of mpeoasnittliyo,
was cr eat md cladt thearm eDi. t0i5al stage, whitche mpamti &
degr adabtOetomn 2dbif@e&i species during the [e221,y st

22ZXlompared to the DEMS r e®©iblatts edéi ceksg it ent i or
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Obattpereeasts side prgduyua®d smuganiac gDses dur
process, which means | ess side reactions occ
[ 128t] roughl ypedobuV]j onhe aPi dly degsheaads ebdegen n-
di ssolved completely and the battery was ful
i i gdtR gives the amount of gas generated d
number of electrons transferred during the ¢
capacity.yConsequemv¢ ©iss onalrauli @t ed teo be 2.
higher than 2, 0/mdooaeirsgobhhas it hetebtired to b
during thleesbdargsuonhgts demacn s tomadiuer ¢timagantig $ tmge o f
sSsoisitcht-@ bhtteries usi ngSi PECGMEM@LAAIGPt e coul d

basicandiydthentt heor eb WcPadd X 8ac®i on:
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density ofwi®.h2 amA icm t mA clrbapta criotoym otfe nOp.edr at ur
evolution measured by DEMS wupon chSar/gkiBhg pr
battery.

44Concil aurs

|l bhi s ,chapltiylvap @il & c tbryolcyotmebi ni ng Si doped LAC
buffersl| &gt moricgae refdor masntceetOeb alltiter i es. The sol
el ectrolSit ewalsAGPynt h-gqsenett Imgthero ol tid pol yme
| ayer PEGMEMIWetangs ed on t he onSi spedel eotf ttohwea rle
anode. The “tionpiglgasmshi cSIiLAGP effecti vielny i my
conductivity ypfe NARICCOMI| yt es. The introduct
| ayer successfully enhanced the interfacial
el ectrol etaland eladi mg to i mproved cycling st
for 1000 -6t atDhbedtistoelriyd empl oyi ngi PEGIMEWMeL AdPa
capaci tmA aflif dr. 3t he initial di scharging proce
al ongecl ing performance of 39 cyhclZenswhvit b 8ah
LiOocbattery empl oSii ngnlpwrsehdwsGP12 cycl es. I n
el ectrochemical reactions in tihremecdhabyi DEMS$
correspondi ngiOitPRo2 Ltih e® ee &chtiisomwor k reveals tha
a hpgmfor mance oxide solid Il norgani cf ogl ectr
interfacial neddi tii eati armepmseaal | Dogtsat@bilei s o

batteries.
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Chapter5Ga r rBeats e d |l nt eg
ArchitecturPeer for maodgeh d Al
St ate LOxXywgeam Batteries

Adapted and rewritten from the published art
Z. ,GuX. Xin, Z. Xu, J. Bar nét WlhecYrofyneamda
Architecture for Hi gh PerformanceAdMdncSeod i d
FunctionalO0O2Mat e©rOilal s1,0.20.02/ adfm. 202301583

Abstract

Al-doisitdat e -olxiytgle@) M lhywitstoerrsi dered t o -genar @t ioomn
energy st otreadydsrtelsg sti smu elsow ed pd eidf idef e g aaintdy
unstable electrochemistry-Oibhaattti egsi sHowevemnnn
solsitdati® bat t er ieensc ogthliet chal |l enge of hi gh [
el ectrode/ el ecltmodadgdiet ii on e rafHoeesesd elf d N eEmtiye o f (
0O2) ' imits the active siitneldraft dcéarfopdtee ¢ eanrea c h e mi
deveadrnompt egr aterde abadhed ecnh IlgiasanreThaQed €t ZTO)yt e
anmporoamposite caotehdde maolsiethiOgatiteri es. The
i nternal structure effectively reduces the i
number of actpihvaksoreshtdasi as andpiecreases the
a result, the dbtaveedalsdtpdersicehsarlgeeghcapaci t
h Z2mndn exceglcihent or(nBabryacc)d esn axdrday i pmot oel ec
spectrdstbeyenti al el ectroahdmitdhhalor mbssalspe
further teemorestefd ecti veness of this design |
el ect raolc hpeemifcor mancebabafidhi gtisBbielksipeygft @@ it loeat e
practical f etprpdlisyo &sit tha@ed dtit er i e § portahnedr esvyesnt e ms

metoaxly dema)teries.
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51l ntroducti on

I n theCwapkemaf$pol ymer and NASI CON based bil a

prepar eda fopgadis@t e mixiytgheinuHimavetveerr , t he use of

organic |iquind apk@bacokhyiesobidtqequ@duaibneries
restricts the safety and el ectrochemical St
overpotenti al dur i ng tshied ec hraeagd tnigo npsr oacreds su Iwti

routnrdi p efficiency and peoritnbkgecrimendg asttea bpirloidtu
O;and 2LoOmed during the discharge would atta

further deterioration of[ 2t2H2e5 ] eSleecootnrdg ¢ htehmei c @«

byproducts including insoluble and insulatin
di schargi pOg prreosdud ctti nLgi i n reduced el ectron co
Third, l'ithium dendrites would grow and pot e

the battery cycl shegriprazrd s1itgh d reallly nga u i ng

expl paid@m,. 2RPdbJal l evi ate the abouvdcepmmlbd teanisy,
substitution of the | iguwiddorrd &mwitde,.0 e22e7e]t d o |
el ectrolytes are nonfl ammabl e, thermally sta
| oss and tdieccnongpfosl i qui d el ¢O6] Bl mletsanmaemo anl Y,
capable of preventing the | ithisutmureeli eocrtt ri@ed e
open systems and their high -mecbantcatcstern

by lithi ym2deR®Bilt es
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The common solid electrolytes arnandao[xbillddes< at
Among all solid electrolyte types, oxi de e
el ectrol-®baest éoredsj attributed to their high
i n an oxygegn30at mMaos,pho%edr,e 152, 1 6655 p €lc6i8a | 11y8 3,9
el ectrolytes conhiaglm ibonihc coopdau atbilwi ty and
thereby receivingLeaiOe(IMosd®) addreanrhii®ni.s La wi
higlerformatgygpegald rmett r ol yt-€t 4 tHosbtd tiad pe@RRIBSB8Y t 0o
However, the rigid LLZO electrolyte has poo
anode, |l eadi ng to a | ar@batnpeRB8FgGod t h mpe
el ectrolyte/anode intedfiade,opdnilsi cu swadtlaelyye ralns
to mitigate t heg 2i3m8t,E REBDOL i,a haa ppeod rysnitearn cbeu f f er |
of ithipmpkyifdylcene gl ycol ) nePtERGME M9t hvears meatnhdand
the el-aobdel yme eefffaecoet,i vwehhiyc henhance the anoit

i nterfac| a#4l@Ecwenpearc,t hfoare , t tdhecadti tuati on i s mo

the | arge size of the solid electrolyte par
bet ween the solid electrolyte andoltihe comida
bet weenotlly¢ eelasmadt conductive agent in the cat

conduction. Di f f-etr@tne U atotmOsbya hyestserss ,d@ alnin ot
met hod of applying internal stacllytegsdreet.i
i nterface contact due t o atchte eeeesysub gtdafelald,s f o |

24Aherefore, in many studies, a small amount
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to t he cat hode to facilitate i nterfaci al CC

compl etely avoid the aforementioned negadti ve

249s a resul t, continuous efforts are neede
battery structures to i mprovebathteereilestroche
| n ssalei-QGibiatteries, multiple factors deter min
|l ayer and electrolyte | ayer must be in close

i nside the cathode, the electffiotiyeret andnt et
rapid ion and electron transport. Third, the
interfaced (sufficient porosity is required)
di scharglel®T od24BI$h e2rde6f or e, a | gprhgpes en bmhuenrd aag |
(accommox a'ainnig eDectrons) are expastadtiovebei
for el ectroche-Mbaalt[erdTdfsstrieo nhrsavien adliso been ni
t o @&ehiae tsrouditydh t@dbldtit er y. Yu et al . theamserdt e d
Sofsitchtae rLibattery by chemical-agsapset edepgoswt hc
The ingenious design ensur es arsa po xdy gtdrradgsuppopr!t
More importantlrycttuhe retdaegedt ¢ethesti nterfaci a
with thatnotegrheéemdobatteries. However, the p
with integrated electrolyte/cathesdal £t puatcan

applications.
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I n this work, a facile and scal abl-sositthateqgy
LiOobattesr yr.eTsheentsecdhemat i ¢ 1 | | us tsrodditicot® olfi t h

battery Fsg&hBwnpriomote the rapid migration

and oxygen, LLZTO ewelclted | wxtae bamd n asn ;mtgd kee
homogeneoushgr gy bhabgh milling. Then the comp
el ectrolyte pellet by | i gueindp eprhaatsuer emeatrhnoeda | cior
temperature annealing, an integeaséd!| kcpt bod
resulting in | ow interfacial Il mpedance. Il n a
i n porous structure, which can provide enoug

the diffusion of fltolwe ngn okeg giemt erfoadenps oa ke

i thipopkky thylcenme tghetwhomeat hacPEGMBWMas sandwi ched
the buffer | ayer. Thanikrst et gor-satd heetd chue@bibgLui ¢ e s § r u
exhibit enthaemiedl! elpag otdredd vess excellent fir:
out standing cyclic performaxbattetnesddobhiann
i ntegrated catihhoecke candhotiBZIid@debattdleri es ex|
I nrtfeaci al resi stance and more stable electro
and DFT calculations are further expdloited

engineering strategy.
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FigbhtSechematic il lustrabpbistcht@bdtiheri rsegr c

52Experi ment al

521Synt hesi sCefamLZT@l ectrol ytes
LLZTO with nominasle€ommpeset eopsepbhred by the
soilpihdase met hod. The stoichi omet 1€iQc(9 9a ndo%i, n t
Al addilb wt. % excess was added to compensate
high temp®35(@®u9e%, paAkradtdened at 90MW999f)gr 12
Al addiam@( Abhaddin 99. 99 %ymiwalse dniaxte d4 0aOn dr pbrma lult i
balls in isopropanol for 6 h. After the evaj
900 for 12 h in the tube fur made tthredercoa | pu
room t emper athuirred. offh eobotnaei ned powders were ¢
powder . The rest -mfltbhd pgwder §owaanbahbkr 6
i sopropanol . After dtrlye ngowamerasn we me bdroaenmd c

copdessed into pellets under |isostatic press

152


















































































































