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Abstract

This thesis addresses chal-$tehig®s phRaittbei dev
met aMd8n@anosheets as functional host materi a
| it hMad(eidlogas an effective battfwoai eheojsar floar r
remain to practilcMdS i mptemphe t ¢ isa nadoa fliditttsayn d i n

scalsaybnt hesi s.

Therefore, the initicalmpfreechiesn safvetllyi 9§ ntvleesdii g
environmentlaMoS t abi bi parreefveedlaitahel t hesasi on d
enhances the t hme tna hnbesteaalbliild tlyT opfh asheeACpr es e
in ddwelali rabove the conventional pRALee tran
establ meihsittshragehe pri mary degradation factor,

met hodsg oiorm croyndi t iremauirrdtnigerc otshdry fully i ne

Secprmadt of t hemitchreoswwasyieisrtveal wehse mi ¢ al exf ol i a
synt hesis approach rtehaacttii dvena mMazdimo &dBlswhr BOuc e
achievicomgnphear conversion to the dediasabl e 1
mi crowave susceptors and replacing conventio
ef fercaawtei on t emgfaroah BGraed Ch4s4dieqsief i cantly ac

transformation kinetics.

The enhanced understanding of stability mech
higplerfor nanbceet tLeir i ensedd iWef lesmpdmymet hod to i nc

t he MoOBhost structur e, creating composite
el ectrochemical performance even under comme
MWCE further enabl es -ntder fpadbudhc ad e loins otf h &Atmp
i niccapadcities of 1245 mAh g T with stable cy
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Chapter 1.

| nt r od uCotn toen



1l ntroduction and context

Theapi d devel epmeobhi o and ,eleencetrrg yc ohmaesh iobfd ceos
threain | iimhhekwvehgslpEhéntenergy density 1 s one
me t rLiictshiiounm b 4 IBtsgedbesome t he iodaeaberpastaddat
Howe LleBesraeppr oa tleihmer et i cal | i Adivta nicne de neenrggi yn ede
and manufhacouuiti mg oustl lyepiémi o oHewevwe rsat i sfy t
i ncr gleesmamgd f or | amge rhi lyddedrre senynediragdytee r yi ecsh e mi s
are being investigated.

Lithium -Sklhfeumi sgtliy i s flwei fgtadresgibdds)ddwse s

t henergy densitymatagrmilalca3 ¢ o &t Codmairdeisik ib B s
energy foed sl aitys e &BydDtuitme s h ii dslpeercsiaf@ aoch bt opu t

T8t i mes.Hh igtpmeerr gy d e n srietpyl areiamgsb aviihtadsr ibead t er i e
can provide longer Valtuwmelgi ¢latl elnrg 9a d dsiitginoinf,i
abundance ofl asawk fafr aameEdudabe r meatl 55 bcaotstte rfi cers
However, currently, the
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i gulrCeo mMp.ai{ s)mer gy eabedbs)i ¢ ct ri ¢ vehamrmd ematterival s r
or

viagir o mulsat it iSh atesEiageeser ofdincmdRé f .

However, sinpat dehtea rariinggil Mnadit adna 2R eGndament al
chal |heangemppdidtes ¢ o mme rMaii all igZ eetcihero.ni ¢ and i oni
natusel dri@cti ve materials | oss during operat
polysul hades| ( M8} ed tife bpeDewibpgnaei oh, Lsol i
(SO)F it hi um Swadtdriaches hplioigqoui d | i t hi umngcelrymeuli fait
Thactive mahebéebhweemant he edembgedée¢en, tbau<ilmrg
per manoesmstc bif ve Batcausal-fbahiesri & typically

hundreds of cysédrewi, cea od o resnwnveprth idcldeecst rfoonri cas |ac



OQupr if o mdsiungygsehsat t atlrlaincsi ti on met al di chal coger
be composi t ecdo miiatthr esmutl faLhi% ItHoeetARpeest &,fnii ¢ &li lay e d
mol ybdenum ydo Scudaidistbie ¢ 0 L b n LhcedPtSIs 0o d e asnhdu tmiltiingga,
and provide sufficieinhnswelfatctmgixmghzec cmud o atri v ie
reacti oaandlnSRR)acs!| eofLIiS fleat Heweweri,| e el ectroch
perfor mamoendies st anmdd tngr ieasdlpethalalflitietry || i darmd at i
ef tiseynntt heMoHamd ILabkb ks ngtchiag akRthtider ilziggMoiSat ed L
and opthei agnt hfeab rsi adaom ptétrmat r ( Abhippdewle !l cel |

bat twirtifdelse | ectirsodreasabl e and scal abl e.

1. Research questions and novelty statement

This research addresses critical scientific

i mpl ement ati onn arfoaned eplarificor MiBaSgdeet tleir i es. The

motivated by the following key research ques
1. What are the fundament al st ab(idMo By, me c h
particularly i ts t her mal stability at (
environment al srtiachhir lodortnyy ciomdiox iy g e &, whi ch
manufacturing viability?

2.How can the synthéei sramhsmetmétdi ¢ r MmS s | «
met hods to a rapid and scal abl e -puricteyss
material ?

3.Can we Wwoisl nza br-acpoecah d&cell, and does
perfor mance dependent on t he materi al q

concentration?

The novelty of this thesis |Iies in its compr.
|t presents a systematic stability analysis
moi sture and oxygen, i dent iaftyiomg fracit otru raen da ¢

the material ' s eedmpeattidivielfimey owi tflrabcosctat i on.

wor k Il ntroduces -assnevtved mhemowaVvVe exfoliatdi
significant process isnovaei 6nomhawveredgB8chosu
while simultaneously achieving a nearly 100%
By | everaging these findings, thiperfeseamncl,



Ampehroeur s agceudh cell s, bridging the gap be-

and practical energy storage applications.

1. Rundament-%llsatotferLiies

Over the past decades, the growing energy de
on mnenewable energy sources such as fossil
concéa nssccommodat e trhenawanlelrenytt enbpobbgi es

growing demand for electric transport, effic
allow a reliable supply of energy. Rech
mpetitive asnfdorvisaudclhe doppptlitibchast i ¥@act i on, I

ndameib as sdohadi efreieamth gtedBEJd-8Ebatttheen es

scuss the perfeoesenamclk gnzprics and

- < O O

—
—

hitouom batteries (LIBs) have been a commer
search attentEaerrgp tbespagtddecandbes the
Bégarveen mass or vol umelort yWhWwhlaelnl yc oinmmp au reid
crheethaytdi,deni cke] &mdci aami d batteries, LI Bs
s¥'Thies meamgs vietnas @t wWohuimaf t kermoirees epnreorvg yd

=]

an its .Klrtedrercetsisweésly , ambutsbecdd @moenr goyat t er i

o
QO ST O O 9 O
S

n be smaller and |l ighter ,syrsgckewmci ng the dim
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Fi gua2(eeQdmpari son of volumetric anddigfrfaesri d att i toyn@éd

bat t8 tS)cehse mati c of ion transfer in LIBs during di
anode made of | ayered graphite, el ectrolyte, sej
During discharge, the | ipthhitum il@ayer snimé gec alt &t ed
intercalate into the transition metal oxi de cat
through the exfernal el ectrical | oad.

Thukl Bs have been t he domi nant soluti on f
applications. LI'B elecompoesndamat basablsonTy
el ectrolytes such as lg tihmnuent hekané ucaphors ot
carbonate (DEC) are wused in LIBs to avoid t
hydroxides and>Asi tshhidgnwm uda bontéeéesal ated | ith
from Lintobhé&igrdwrhiinge ,daindodearigret ercal ated i nt
oxi de cathode.

During discthmromge®, miegr at e f rtogre it éhrea taen oalee d tor it c

when connected to awte¢exteremal oinscuint LI Blse cla
0 Q& @b 0 Q d)éé'@"ﬁ&')l‘)'&‘)"()
0 Q Q 00 9° 070 dd Qfed tdnL & Q
Where M iTsh ea emeetxals.t l i mitations in battery
vol tage for a4 [ Bsialdt kminsdlrlay ned -byabhki eV
wi ndow of or gQ@riacp hd Itd cct raonloydtee shas a tgheor et i

and the |ithiated met al oxide cathodeg have

15 'Bedi des the | imitations in chemistry, LIE



Supply and price of such critiédhemeftalts, cal

battery systems are needed to bring further

As an emerging techhot bgvmniSdrmltft wetru (ees keaxtcted r i
aspeltitgmer gy denoswi t mataen(BiiaglusB.ec dilmmt t er ms of
perform@niceesandrefboti e gdhe nesnleteyglge mai n capac

contributed from chemical reaction bétween

When the el ement al sul fur cathodeS)i,s ictompd =
theoretical cap!adtviht ¢ hiosi $108 7d5s mAahr ger t han th
However, chat oeengesecsutgadndcolnawlcutey sticabs dliub
polysul fide i nt e randeddriebseséesdrSen ebkadt t B0 i e can k
i mpl emMénfExd.ensive research efforts on ident.

sul fur cathode to i mprove el éQormopcahreemli ctad Lple
an iLd® adghdaleorwer materials costs. Tof sciist imaa
met al scebdbwagser, t hi s tdhoee scfuarbrteincie-& nlmanthtadr iLe
i's cost Aef saofvingw3dnb¢Cempar ed -btaceNMC I Bost whi c
1186SD K\WHKHS b atatreer ieesst i mat ed t o cTissit smad nlFHy UWIR
the |l argeleamouvmwmti yot, siud-Bluibat & avdhii &8F usrerhpelirn €
reseahlicgple i mor manc et oc oantpl ooneeendét isf ioped rAdfofoenc t 1 v e
fabriz®ation.

As a hesuimmedi ate and mos-S baabkeiapphieat nc
gravimetric energy density is the paramount
are secondary considerations. Theseal mareldet s
unmanned aerial vehicadletsi {( dh&udlrcampgaer t( IHAWLIEg T Ip
where reduced weight directly transl ates to
Mai nstream automoti vet adbpitna ok e ttfehrene hoalrjgescstai
It is contingent on radical i mprovements 1in

reducti ormpekrn| phvmaurt otsd compete with falling L
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1. 2Chlemi sft Slyibatteri es

LiS batteries operate on t he 250 nTvheirss inoena nrse atch

sul fur atom can incorporate 2 electr®nms rath
gener al , sultfage n hiatsyg ni)(02mehga n met al oxi de i n
Li MigMnixyO2( 2-36. Ic mMy?*Whi |l e this reduces the volu
LiS batteries, it contributes to a | arger gr e
As shdwmguéd(me) . conv-gnbaonhatyLcontains | ithiu
el ectrolyte, separator, sul fur (or sthfeur cc
battéiystsassembled with solid sulifitusr ians ac a
charged state, with an open Qcist’®mure wsal fage
electrically insulating and therefore a <con

porouswicahbdnspersedscbabaty meimpma pttii olneoof pol
onto the cathodé¢itgoudndi Blic @ adelee csthnsd Inyetiecad g d t o f
poraensd i ntroduces series resi st alnmc ea dotehteweem,
Li PS i ntersmaldidesdtodtty ec fa nit mteo ptomesgatdeshudt yeebe

the anode and cathode, causing permanent act
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Fi gu4(eat he mat iacn do fe ltigeaainrsd4® r b atnt erii es , duwarsi nwge | d i sac
shuttling .0 Spod matuil d i adfe sa dsi uslpfbur ra dcdantghTohdee avoi ytshr s
polar interaction between the catalyst and the
el ecf{dgldeustration of a simplifield¥tepwise redu

During di sohdadexacttheon ( SRR)edaasba st epiis
where sulfur changes o0xi dasth eorntapisotl aytseidnf iidd ets h
st alfegud( &) bh.fticesfd®ol i d gubtaleepdtSriointshiaunnd i on
to flommdiint hi um Sullhfiisd es,acltii on t ake8-2pldace a

ViThel ectemi cal reaanhi be wquateanas

3 ¢, E Ao, B xcgu0BEQ



| n stehcee hd d,ddisi s f urt herh orcehdau cne dp otlisa o t84L d e s

Thel echemi cal resgacrtel ont equasi on
o, ¢, E cAor, B
¢, ¥ ¢ E cAog B
Thusovehaeall reaction in stage | and I I can b
3 1, E1AO¢ B ¢8 c¢dpwvdQ

Il n t he t(Hijltdhde shtaatgteery i s foxthleimmhIcephar gned
[ ithium i ®hearh@nidt Hioum p oy sdudSd | dae, f Oihals pr o
reaction takes pl-2c 4 “Tahte arpeparcotxiiommast ealrye :2 . 0

0T ¢0"Q ¢Q © ¢b Y
¢cOTYY @ ™Q ¢Q ©°107Y
I n the fourth sitSagse r(eldWw)c,e dr eemnoa itnhiengf.ilnial r ed:1
0T 0™ QO TY ¢l B Q

| n s umnmmeatyn 0 dti tefroga dtuildn ¢ vdlynca li dnu toefnga di scha

can be written as
P9 .CEpQEC p @
The net cathodic reaction during discharge <c
3 peE pd Oy B
antdhe overall cel | reaction during discharge
3 po.CHY B

Thuas ,t ot al osfar 6 nekededr dmr t hec yccdgmpoll eetceu | ree d L
Thatd ies scarenneed®at tew gdmd nofList age ldr,e and
i nvol wetdhe f biSmatyi otnh eo fe nWhh eanf tshteagbeatlt\e.ry i s
reverse reaction happe®si atoxihd zsdideiptdaaerS atso tt

stwpse réYuction



1. 2C2mponenBsbattkeries
Il n this setheoamm@ampomnd si8sulsat t @ r i oveHiexch rodrydie
sepatatdi um mebaalcatwmbdae .

El ectrolyte

The selecti om-Shfb adilteecltiiressl yé¢ @ by vari ous cons
based solvents such as ethylene carbonate (
cannot be-Susgdtiem.altiis known that carbonat
intermedaasesaanidv é®Enanbears ed| sbbsgsents aasre col
LiS electrolytes to reduce the solubility o
bis(trifluoromethanesul fvonwlndei imd dmi xstadrte (dfi ’
(DOL) diamelt hoxyopeaMER anies commonly wused t-% comp:;
bat t2drlif@ssome cases, a small amo)units (ad eM) toc
electrolyte to form a protective passivati ot
bet ween the Li met al a ndoudr eic 1y @ °d Hobwi etvheiry m t pheel:
el ectrolytes are -made @ eqa Ifpmodttyr.sodHaviia et eisnd i estshoel rv ¢
concentration of 8 M and signifl manaddyi tii mn
electrolyte c¢rBEQOWwDutthees mSised atditbd sy lmeans t ha
small er amount of electrolyte cancadeheys ¢ dhewi
energy density of the batter yFicgdu @bei fgrtemd |
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potentials of all el ements. 1-3s03t¥nwhend mea:
against a standard hWhegepaievetluwi bhSaebat
batitdsave a nominal -20W2t age of about 2.1

Negative to positive (N/P) ratio describes
and SUInfwam i dead bcaatsteer yt hsehoil d have an N/ P
nNo excess anvadtectriemtlcdobsesdaot contrekekededt he
However, this is difficult tloi R hs Ewtet mesnyg it
l'ithium ions fail3%Atd adgrodiitt honmt hesanovder

commonly used to compéWé¢ ®t e at omwe rfflocer mM&ingchei ulm
batteries made in academic .2fHobvmervaetrgr iaess schaon

Figuxé®) this drastically reduces the specific
Cat hode

He rdee,t alLiSs caff mbdd eacrper oo mn ded. Li ke LI B electro
is used to help the active materi al form pt
typically contributes 5 to 10 weight percent
conductive agpitciavéy mixed with the I ithium
condudtistilttwr is more insulating than | ithi
Ther epfoorroeu,s carbon ahdveabEan asarcotndued i ve h
cathodes to ensure suff iscoildndt ienlteeatfriadicneo torfa it s
genampdplr oaxihetsS f @at ho d ecso:n fpi hnyebm echatdamd staarl pt i on .

Physdcamf i Rbeanseendt cat hode

Il n the pastcadeocade,SC)ulcfourposi te cathodes ha
attention after a meabpvwate sy nd arebsd rz eadhld ys wlif
Il n Jids experi ment, a type of-3gamwhasn i wiptrhe gim
wi mbdi ffusuwulohuofvi aFhgaXae)t rsehacdwse naa .schemati c
After sul fur biimtuo ftitees ,carnhe@anrfygdlttarl@litierz eed Ao s
movement of Li i ons acr oss t hienagnodn ddu cebgfhvae gc a
the bRitgxg. shows a detailed structure of t
carbosaseaveonductive framework. The mesopor
the carbon network andi ptrieereatl edthreon yftreo.m Teh
reflected by the htihgehy croeuplodrlaei dddiiedsdth axxitgear goey C
whi ch sandsintaaltle pol ysul fide anion | oss.



Fi gu9Seul fur encaps3ulcaatriboonn ovfi aCMikeat treat ment . a
autoclave3d3wicahb&MK and akrlkowgditmbt medad ondhetni ve
net work. After the-3seglafrboni mphegratmpsss Chhk hoalr . b
This all ows «chlartgheioutnt alm)sf det aviiltdnd structure of
(CME) composite

Whi | e c opnodruacatsi veens | mprove the conductivity
el ectroltya ef inlele dtédhdec epsortense speci fic capacity
carbon hospsel Bavehamhoal composition, which
bind poorly to threedcoaxalsp8BRpnbdaveel swl feactdi
addi &si othi,s c ®scsteldo2Zb.oPmponen$® sbatdt edruieest o t heir
structures, these SC composite cathodes typi

of poor wetting of cathode.
Chemiadaslor-lpadedcd cat hode

|l ft $ound t hatarstbore mpmmlnar hosts adsorb polysu
bet ween the host and sul f@fAnt Hdd umitetsieg a toinn
intersacdi bime | mportance of <cat &l gulrCe Mettalvi t
based polar host materi®l anrd whec&HPl satl @aidéss
most common. Mfeit rad & Dixd elckast avleSr tdi act' fheoesiste si me YL i h ¢
strongopal arnswidrhaRkcS Howmever, met al oxi des ar
ot her conductive additives sucQBomparge d pthe nmre
oxi des, some met al sul fides have i mproved ¢
reducescedhei ty vef addrndwpot®vyeand he volumetric
LiS bat'feries.
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Wit hout a catalytic host, the binding between pc
barrier for SRR is high. I n the absence of stron
With a polar sémtcomngdbhotsar, o6 qgumsegupol ysul fides
shuttling is mitigated. However, extra dvefusion
materi al . (bottom) Wi th a polar conductor, the |
the charge transfer wil/ not rcead wiltryleel aByR ewrte a s

adapted “from Ref .

1. 2Pe3r.f or manaea dmethradl fd ®lnigatst er i es

The shift i n rS sbeaatrtcehr ifeosc uhsa stsatra ladi ® etsiod megd f
pracgowcdil | s under realistic conditions. Ai m
density bSedOvewn kigd0i s cruci al to meet condi't
sul fur 4°E/ed)e vraatteido areal | oading of sulfur, &
fil%%ernsul taneously, the cell needs to demonst
after hundreds of cycles. These rigomreuwdoxgon
and inevitably reduce el ectriicnagl oand ailanincg ct
reaction. I f sulfur is not secured to the <ca

and cycl abci&ie¢ ysohdukabveraaddedohofi hceerase t
surface area andvetgctbutapoconducarbon nece

electrolyte to fully saturate and fails to I



compensation f or isocnailce ccoonidnu ccteilvlist yh asn ol fatbe n
el ectrolyte abundance, diluting the LiPS c:t
conductivity as more LiPS dissol wvd ecthr dlhyt ¢
condidanonel evated sul fur |l oadi ng, di ssol vec
concentration surges. | 0 adDeCoLr:teaWES B 1idomm iac dc o n

el ectrol ywtaem v imssa essaistéyur concentraf®%n nears |

Il n pr asSt ibaalhek imos,t dadtvtarnatcatgiieweo v e a tt thadriiigehs | s
speci fi.c Tchawpsa,cistpyeci fi ¢ capacity normali zed
metric for determiii bgt83feedipfird ocanpaciet pf me a
el ectrical charge a battery can St bretperli esr
isypically exp-hessedpenginrbimh @umpdh per kil ogr
k) To measure this, the t&tabdatdkes gyl uitse nceaaps
Gal vanostatic GClDaregeal dies c hdgersdecdl sHslieocnt rior h e mi ¢
charact)er tnboabmadn zed to the tot@ur maptwicpfisul
capacit ioetshaen &S dhiaattteer i es Tare >1200 mAh g

Cycle stability and coul ombi c ef iSi chi aetntceyr y a
performance over ti me. Cylcoreg sy iatby & c kyn gneaa
retention ovedi gelpaerage dc ywdhlagg,e with capacit
shutt lgsinge aacntdi @l ombi ¢ ef ficiency, exXpresse
ratio between discharge and charge capacity
irreversible capacity | osisng obfettewe ecna uesleedc thryo
formation 5f iThactievatiobnship between these
gal vanos tdaitsicch acrhgaer g(eGCD) testing, where capa
|l ohgrm vofabt heChat tsd ratydaer t-S Lhathhaewed easn aver s
columbic ebBMoviedmcyyafl es.

To spacrewplisti poeahndr mpacacred ictailkosnts mu st be s

considered when revi SwibnagecBEelgel Imetnmacs ze$ @l

foll owi ng:

1Al amge al | soual ¢ff bunrBc mMyifs d & shiirgehd ar eAt eahpaapayi
is a key metric for assessing practical ener
reduce the overhead mass from current coll ec



density. However, ar eal carapreatsy wiotels Iinmdr e

|l oading due to the reduced sulfur wutilizatio
2Conductive carbon fillerb ma®9 sneesddbetcauldze
not active during the SRR, but contributes

energy density.

3Si milahowy E/ S ratio is cruci al f-® r b aatctha reiva ¢
excess electrolyte adds umnmeceashsearqgv eweailglhte.

density. Achieving stabdlangiychki ndheaef bow &/

maki RSy bLait t eri es commercially viabl e,

4The N/ P ratio, defined as the ratio between
be miniMiRédr2pti maktkery performance. Exce:
material relative to sulfur (N/P > 1) increa

High areal sulfur
loading

Practical
Li-S
batteries

Low conductive
fillers

Low lithium anode
mass

Low electrolyte
usage
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1. Bundamenmoalysbdoefnum di sul fi de

Mol ybdenum dd sutsé nasl ett i( Mo Smet al ) didomddad cgp gtem i &
family of wmatsatiale wiebtroni c laaw dégeehneeniacla l
chemi calMXfwhenue eaMr eas etrrtasn s iwti it din ame toaxli d,at i on
andd&noat eshalwec dodpermmn oxi @aAtsi oenardtyataes 01f9 2 3, n
di sulfide (MoS ), also known -raasy naonlayl bydse nsi,t er,
its layered hé&yagdmrall®sHiOdy 60 khMnwide hoef t hem



showag | ayeretSistcacapeleveDs have bierenedsfdsidi ec
transh®istadsassy f epl wtagnmlger gy *sfordge.

Figulrgg) Ll ustrates TMDs Wi tam gwedtriaydirsrgg-oaufpé ol & ¢ r
hi ghl)i gthethnedd t o f or m tlraaynesreetda bTaMDssh,a hwthaiélCeo) and
( Ni) i B8 - lgQpoalrpt hiadg h ly)icghnt etday morre dhaynpesrterduct ur es
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1. 3Stlrructures and properties of transition m
Bul k TMDs typi elaalyleyr ehxeixsath aiyre ttt shhé2lddr)all agyre r 3
rhombohedr alFi(g3uR)® |Ipllhuasstersa.t es the structures
these three phases. These bul-kapybrassebheatr®. cC
|l ayers of TMDs are usually t-hayewmdiyeaaamgaecmaal vy

1-l ayer tert)r gpdiarsael. (1

For the 1T phase, the sheelt BadamkiadiwPs or m t
suchiasani umdPs wnl fsiodne tlchaes elsT p has e unddiesrtgooretse d |
1T6 phase, characterized by pairsliof tahe) dde
phase, the chalcogen ions abovea»xingd, bed eavt itn

AbA stacking sequence. I n contrast, the 1T p



in an AbC stacking sequédnmcyee.r Wheepne altd esgh epeatist e
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TMDs is in the beemd cpapailca e stopiet isntga bilre phase
aldepemdt he dfoirlbliAAsadasm fe x ampe .eqgq. agifmospgZrdHf gr ou
6(e.g. ™MHB MBHvephasgrdup 10Pd)e.hgaovweNathrea r al 1T
distorted®1T06 phases.

Many TMDs dparnoynmsd, rpkthesenh means that these TMELC
ongghase and have di stAisncsth oewng cilt @ ovbh ecn pa ogrea u
TMD suchxpdhhasMoS3 ransform frofertmhewlidHW etlboe 1iTn pt
Qmup degensetraattdece momst r at e mét gurdeallplt apest cemr

polymorphs from fré¢quently studied TMDs.

TMD polymorph | conducting property TMD polymorph | conducting property TMD polymorph | conducting property
TiS2 17T semiconducting ZrS: 1T semiconducting HfS2 1T semiconducting
TiSez 1T semimetallic ZrSez 1T semiconducting HfSe2 1T semiconducting
TiTez 17T semimetallic ZrTez 1T semiconducting HfTe2 1T semimetallic
VS:2 1T metallic NbS: 2H metallic TaS: 2H, 1T metallic
VSe:z AT AT metallic NbSe2 2H, 1T metallic TaSe2 2H, 1T metallic
VTez AT metallic NbTe2 e metallic TaTez 1)1 ! metallic
MoS:2 2H semiconducting MoTez 2H semiconducting WSe: 1 metallic
MoS: 1T, 1T metallic MoTe2 aiz metallic WTe2 1T metallic
MoSe:2 2H semiconducting WS2 2H semiconducting WSz 1T metallic
MoSe:2 T metallic WSe2 2H semiconducting WSz 1T semimetallic
MoSe2 1T metallic ReS: 1T semiconducting ReSe2 1T semiconducting

Fi gulrde TIMD polgydarypesct iam@Q properties.
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phasevhischand was meedPMeitead Ii@ Hd phase can

performance electrochemistry and energy appl



reacti Sh ' HPRY c &b acfdintddrrsecent | y,-S) il dat tubtr isaud .

73, 74

As shdwm ulrfey slt.h elsTi sp toefts @aMolS nv ol vaegs rtovach b e &
transformati on fdiorseycnth é ¢ 2 H sp Im @ gsey,th tdhdedsti s met |

suchmeadfrani cal strainingcamgatrbhdi ameani age
onl y sysnitnhgelsel zogrerf enmet amdmes HidetMo,S whi ch ar e
el ectrochemi calmiddplgircasnt bbre ggsyalhme hesi s i's nee

Synthesis of Metallic 1T MoS,

Phase transformation Direct synthesis
Mechanical Irradiation  Intercalation E- "Solid-gas | "Hydrothermal |
strain /\ | reaction | | reaction |
Alkali Other
Elastroshemioal || Ghemical! [Solvenidres! Buk compatible |
' intercalation ' exfoliation ! CE !

Figur®veérview of s ynmet thael sliisg SnlaTu thveossSi fso rme blud ks  whi
compati bl e are highlighted with red dotted | ines

Phase transformati on

Syntsloé splhTaMeSvi a phase tisagps Mohrama2tid soshea S a
pr ec urogner .mdtohroadnss f o r sm mZuHheMohSa ni ciad r asd iratiing n

intercal ati on.
Mechani ciandsdece@daimhase transformati on

Tensil e or compr ecd ainwee edtercdirmViigrs ¢4 lvo tuve e rutr eMdD
Sability of 1T and 2H phase is i"Wfilgukécdd b
il lustrat edernsiatty bfasredtciachrc ebhgiweaoyl ocadd Belty a3l %

striai metqgouiirngd i at e pihmspouser ansf bemharoge free



bet ween the 1T andi 2 He pdhysteq mhad e daMioldyesd .03 ¥
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l rradimduoead phase transformati on

| rradiaant iad nt el $ntad d¢ ates f efrrmo MotShe 2H Commdh e 1T
radiation type’sl a%letaundde ieolne ‘chtor nmbnaerbdenaehmvte d

=

t heméegi oman od Mo/®srh efeotr ms  osft rii pteesr me dluantdee r p ht ahsee

el ectron beam of a scanning tr.&msmirs sfiuvornt he
i rradatartiiaomgul ar region of the 1T phase 1is

| abelbeddR{sgulrylDeln.si ty funRRE)icanalubtalpepa@dmey t(r on

beam irradiation generates vacancdioeas diamaleS
and electronic excitations. These wvacanci e:
t emperuantduerresi ,r rtaendtt oncluster into |ine def
resemblUshgi pks, contri bahnhd esowlbilkeuverh apmtgicraad gsltit
facilitate th&hfatSremati on of the

220 s
e beam irradiation

Triangular metallic T/T'-island
embedded in H-phase

2H

FigurZze EaAaEM iokmigrgl 2HI Mew8rt h a | i ggmtd Rd | dilsgirrag i o1
phase on Afhtee rb ®20am. iorfr adi ati on, 1T phase and di
obseFvgdre recons’taandkted from Ref .

Similar effeatrreepar tmeatshédarmnoimrmr adi at i odpamd i o
| aser iafr afdawerr@omMa 3 i c on 2osxuibdsetMri (SeieQe t al . 0b:
t hi nntimeg noaft eri al and phase trRmad®rtmaanofno ron

mechani sm was attributed to heat accumul at i c



sul fur vacancies and pr o®Aitneid atrhley ,f oNamat iedn
increasing sulfur vacancy acrogotnasmaati 6%t menh
It i s measured that sulfur vacancyarcg@onrc eindm a
bombar ®mé&ntal cul ati ons suggest that upon i on
by the strain ciaashedlehgesulbosfeamanhcon vi a
fine and | ofcarl iprasaeaontamdf o-pmaei mpf abhtitaidi
nanosheet s, especial-bgahbhé al sctal ec s emastechdll ea g

ti me and enéfgy consuming.
| nt er clandaudeodh phase transformati on

|l ntercal ation of guest T MDsse nientoof tthhee |eaayrelriee
met hods for pha&aspernirmenrstf ormht ebecinothygmir ed
TMDst arted as ePawHiyl easi nitheer clad 7a0tsi on of not her
phase transformati od kkadosn alnstce tlbme satt r epomse d
met hod for phase tpanmnsecsmbdbd o svoesdt ss ofl ud m ol
crys@ammman met hods fakal niMowioat led cd@enr ot hemi c

chemical ,fapd soteepnptl ati on.
El ectr oahkeanhiicailon i ntercal ati on
The | ayer ed s tnrakcet utrheesm offotrTuMislt emesat «at i on of

especially for ¢ hCureg eo fa ntphree heeatfy ppeesati dofact of ee.r y

the wWa@Omwmp owged lainomdet alnd a t i)t acna tdww dsshlofwind e
i i gur@ul k TMD powder is typically mixed w
pol ymer bindermr, ctolpgprerc catre ccadn &lwd dterca dbeg. tToh im
is then paired awiodhed aasntdhnamageel de cihe to&lh e mi c al S

intercal ate Lieliecnns oidet o t he TMD
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Bulk MoS:z (2H)

a & ‘&)
LiPF o/ EC/DMC/EMC | ¥ Y

.I Lithium foil '

Fi gulr8&l Mustration for el ect sionc hae ntiocikFanl eetedlnls Nt @ ¢ € @
froméRef .
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M
o o
O Crt

| ael ectr oc htehmei cfarle ec eelnleer gy of the cell i's ca
y T &%

Whe¥ds the filisetdmemaynber of&i el ecatrracdmsy 6tsr ain
and s t he cFeilgul@pslhitoangse | swdl tvaage ous TMDs vs.
during electrochReguktsbhoawsee mialhwtlotb hwas f oun
t hat during iswtidrhcal astiinognl,e TpMDas e hawel la mo
vol twadgé&omsi st.enTthissl oipiedd eccart eeass atsh mawiatsh he L i

met al. rTahtiiso ef f ecitncirse ansaiinngl ye ldeucet rtcost at i ¢ r ep
chargedt hreenrdma awihdi icrhc r e as e s icno nednuecrtgiyo na®b atnhde i
I n some casesnntescahatsomn hef s odshampi(ndHerng o n
di scharsglemaprear vbsdhvedindi cat &sarlurgesttse ¢ h:
transf 6Fmat.d@®.ci i cabhhyge in slope for the di

when thedihienaoaiMat BSelAs pol.a2t evaall tagdge heef ~ 1.1
i denfRifgiuardec. )1]Trha psr eésheeAl 3T phase tr aasofl dramgaet i ¢
pl ateau indicates ofo tcthheahgekE meliattecempo giyt

i nt ercaliant etdh ep hraeddeoexs tr eeahcabmgoyp concentrati on.

As Li i ons drhe ierteexrtaalnatceds,t at e olfeadhet oMoa
structural c¢halnhgies tios tchoerssilifisuapghnads eivi t acexon ( X
(Fi gu2e XRD of the intercal ated el ect,amdes r ¢
the newly WwotlBad ufdfflugei ntercal ation of Li ic
interl ayer stp#lci pgaonés tihieomoOwheilcSh nt@o ¢0g €8t sn n

contercal ati on.



As the plateau cowxti hbhes 1Winpdintaisoanc rcieanzsIied @S € S
el ectrochemaoabereaterpneted as
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Li metal
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E’ c) 22
w 2.0
% 1.8
o 1.6\ —AGYP
Trafe N
F10
Sos x
o3 " o5 46*=-F [ Edx.
0.4 o
| | ! ! o2 I
o oz 04 0.6 o8 Lo 00 02 04 06 08 10
X in M, TS, X in Li,MX,
i gut & age.l | vol tage fwsgsal kat icdwrse tn@MDasl k al i inter
l ectr o®ihte)hil sutsrt yr.@tl iaam ohshi p cedtdWweafiemaaguie gy
el | voMotSasge L oerldewrtirmge hemi cal intercal ation of
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SCATTERED INTENSITY (counts/s)

8

SCATTERING ANGLE 26(°) FOR CuKa RADIATION

Fi gu20¢RDR.patter m& ofpor |2pHh eMoeSl taos be conf usteat evi t h
Jdicsisspthase transf or matainadn byt MorSr elde att i @ah e mi c a l
(bottom,r)Pfabel ed as

Ovédrithimant emcalnatie@amnd t o DMR atka olwint Sy maswd | f i
transi tviidans mbeaaément bet ween. Li and the tran

, EIIE- 30 ||E,E3 ||E-
T C T

WheMes a transition metal. Whether the displ
t he eniemrtgeyr Bafbfat t ba cloimp baurddt ek e n ledei gsyp | cafc e me n 't
reac i omhiacainc dlec wlsadtihef er ence bet ween the pr

the displ acke meankt| g eafctdiosnpl acement energies

Tabll&3 1.



Tabllengérgies of displ aclkedn8malbt eacecopridoedTMbDem F

-AGgisp
Tis, 120
NbS, 132
Ta$, 132
Mo, 152
WS, 160
ReS, 176
SnS, 183

For a specific degree of Yaditshicatlicaun attelde aesne
y & %A@

Whe&ies Faradayds sntmeé €dgeddrm a stable | ith
Y mustl elses than that ofY maheai atértal abibnaes
is found t olfboer ~l2a0y0e rkeiddy cfoMiEs d e TMD®i we d ht ha gt
di spl acement enangy ftbam BMoStabl e kBspentatlt tg
a high Li to t!fansition metal ratio

Theynthesis >wvifallTt MoBhemi cal i ntperrccdau caetsi o a
si gni fhii ogahretrl yp rooadmpa r entlarstsa dotréafeii toaax i a | gr owt h
monol.dyneragddi ti onmetthhddss slymgtotmedsedrS as a precur
iseasi er Howp,wegpasoe e scshian d ,einsgsen gmwdlta cs epar at e
not forndny t he met abutuatlttenea fpcolhfleertaddndeon, ¢
the semiconductingpma&tcusrosmeo fr etghieo nZH .r dén& i n |
h

OWRi gu2® al.l ess int emsee riewakntadenrgddl dAed 2H

is retained. As phae®sutitanei ecmabic blepri x@éd c al |
concentr and8h°Thd &l0ect hesdibsmneaged in deioni z
i sopropyl al cohol sol vent s andP heyxsfiocléikaoteehde airn

the somainthet ifooor maydoogen)fgasn (He reaction |
i ntercal at ed elxif odlniMotBielse os onon®Hltayenr oranfosw e e |

Chemiexdlol i abuog!l vi ahnum

Chemiexdlolafdd $aonnd ot herl iTtMDsu nmviiant rebructayl laltiitohni uf
(BulLwgs proposed by Dines et al . I n 1975 as



inter d8Insttiemamd. of having the qrpedalbuc tisn far opno
reacarieenmainly bubhabhbi asndyotcBekiea mséedaadngn
ageinnt a $elxamnseioned wdiatth aMocSErtain mol.dmhimsati o
reacrteidaindhhee Mo at omaranal ¢ ¢ tamdsairedrioi & ih@en Moi nt er «
i nt bMoSl ayers asstoobratteamcielchrehe hegnaaggidéon f or

reaction can be written as
o (, E- 130 ,E-13 E#(

Whers#lsdL C BaslLinasgHdsi € octane which forms from t

l'ithiation, the |lithMafedvhepnr @d uxate ciou s esfr d norr e
mol ar ratio between Li and Mo, aMa Scramke | ect s
submerged in polar protic spdsentypomsusbhniacsart

physicalgathenel aagsiee emdtoei adleFiignkFrBhidawsosamee
il lustrati onAlftoerr ntakMo®egmnoakse. be submerged

pol ar aprotic solvent sr estiuadighn asontset r ahydrofur

w.'v

" ()
Centrifugation

Fi gux®chlhematic for akf et i iabFiegnuceaelroMiu@re®’ fr om Ref

Thi s met hod is commonly comparedthe <®ilmiclar
i nt er crad aacttiioonn .i t Hobasseevrewaguchi Lt batel ectrochemi cal
produces a product withxé&otr gsteydp i MeaSriouyct ur e
retsaiignni fi cant cr ypydtasmmtaaskragt iunelthb esak ke d i kel
to hydration of & hAS ian tFdegua @akie dud 2t dw utmh at
t h(eOBIlpadiomg chemi cal hyexté op aad&®d mvomBar ed t o
2H M66.615 nm) and el ecMo®0he6Bdilamli si natl esroc alba
that all ot her features besides the (001I1I) pl



restacking of exfoliateddumrdmas hseyentd ghielrsg sa h ke
pledn f f racdatoemst abl e i n XRD.
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Fi gua2RD.patt ghorssy iolmedized via chemicaplowdxefrol i a

Modern synNMd&® sics easeki : Mo ratio froborthe or
1.:8 to ablfut2h® &°ncreases t hteo e ctalce i rosma d teinmaq
ti me. Howeweart, the highest reaction temperatt
hexana reactdi8oonr tlioomeg eaf ias uenxipfeocrtwe dphrfoarup bh as
concentrationBotCi®r7ewtly, phbasemical exfoliat.i
of MoSS onenocft sty chesi s met hodsonfammoshreed sc idmg
a high medande ca mpdisagsadineb at c B0DODe mgf can be us

a chemical exfoorpiaateidon oprsaamegd deod s akes i n ot'l
Sol egmetek aliintieomal ati on

Ot hecortiai ning compounds have been empl oyed
instance, |lithisqamhasrbbagdrsdecéssB#HThe wtili
intercal ation was achiwevdéd Moy mipoiwdegr s @alnidd
mi xture tooB0M@mpehiag upreocess resulted in aprf
phase 4dexftohe asa ® da namngdoleay erisel d compared to t
usi ngphaste i ntercalation exfol Hawweoer meiwhode
phase tr annsdroe ntad nmpploerties,i ebso roofn vcaompoouussnds and
Li Bddre difficult to Bephpbaubateéehkeommaewagpr odwhi
the i mpuritiesTaiese metahnimo ¢rlcaatdod diba@icet.appl i cat i

where retaining the Li ion is preferable.



Direct synthesis

Direct synt hesasbeootfugny np h a svehsiMohS ud o faost au s e
pr ec uSrosnoer . bwopg t dimr ect synt he siodgiadgp prreocaaccthieosn ifr
mol ybdat €%pflandr bgdrotfheomakerr matybde®um cor
Compared to phase transfonmeaetxierd iagproma olfed . f
and produc,don &uponsalpepertosaches offer routes to

phase.
Solgiadeacti on

Theolgiad r eactp otna beituve eo Iy badrad ea (rKeduci ng g
hydrogen F)ul dmnd ehyds)owpere pae @OH the first

synt hé3i phasfcer yWotRi Igu2@a )Ll ustrates stlaphsi sf or

synt heMois s Ksed as a precursor dr 3 tigldsi.mse al e
step is asbheci adfprttavonihum tetrat hs@mMod).ybdat e
Il n a more recent stwadsy umyd Yup aebtc aaslp.0 sign s 0elp8 ,
the product madernalcwei onaistex it mee(M@PIYNE) unr eac!
KMo £1

The resulting pr oxutsb FHeS aFangualt ed swiuimh i Ht er
KiMo &c r y sTthausss d s t hi s synthesis include

+-0 (30+-793 (/ |/ (Step 1)

+-3 (0+-13 +3 (3(Step 2)
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© Alkali molybdates
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Figux®aSk.hematic for sygmydteslisgawiladFodWdeEnp att er n
for 1L,trMe$ al sy ntghaess i rz&6dd Jviicars soatiidon of the rel:
Li ratio and phaseMostief erence in CVD of K

Figu2@gbdlspl ays a XRD patbtproddoed 1vi-ggalsdisree cl
synt hadieami c al exfoliation, whitchheQ)i rna deu d easy ea
spaciengainsgded toanmdthed2phamnar f eat FieguZilpa vie. be
Sol-gads reactpoodbiEgelea®ysstsal s with a (001) int
0.599nTtidecrease in it eartltaryiebrutsepdactiongt he at
negatcihveerMgess heet s pasdttit el npt erhcalig®tdead sence

moi sture .and sol vent s

Besides syntaidecegiss adefachtd dovhes5s o b edd mr eacd a pstyend hf
of sli aygeéref MoBs t he 1dhemiacal vvapoCROR@WB I ti o
synt hespfsi loms Mo& 1T phase is difficuthadue t
2H f34%ims fed u mdp ott raasts ii wra pioddvib &dt a bti el zpbhoavsee

a certain c¢ dnacletndtrmfantgiootnelt.a4oblr mat i IoTh pHaderec art



beeromoted ovelFighz@&RWhphasdirect sswvntah eshies
soigiadd r eaacantaiimnm acanproduct crystallinity ani
concentriobkdn ¢8BEG main dilemg vraena @ikecsd atesmad n
hi gh t e nfiptedr@Dt0u’VeCy?!

Hydr ot her mal reaction

Synt helsli sMedfa hydr ot her mal reactions-BaLr cumyv
solufforonan aqueSous | ftolgddi orneeacti ons, hydr ot l
typiicmaV dlipwee r e damotl iydrdceafupng u isdi ¢ h  a swi nmohl syubl df autre ,
Sour cee raenddugceilnmtg a sLtiuud yatbryaldfuict stonr eacti on me ¢
hydrot her mal sywamresp BAfaderda It Mo an aci di c
propanoic acid, the MoMOpQwpfsi ns s odveodud &g | iy ind
NaMoowi t h an oct alhleidstawe ss tsrinlycftamitceheid i ni ng t hi
[ CSENHwWwalsoundi thaut wt he presenceNaMo Gptrhoepanoi
mo | y bddoaetset r eianror aamge ct a heidguwlfe st.ructur e

Mo precursor
(NH,) Mo,0,,

i L Water . *

(NH,),MoS, ' Mo, '

S precursor M 0. M" PP 2 .
T TP > i

Thiourea g //:! ] “' :K. Y

Thioacetamide DMF et al. ‘45 l

L-Cysteine

Figu24el Nusftasrght besi sviod HyYdMotSh®r mal reaction.

1. 3Ch3ar act ermetaalifoina od

| dent i f icchaa ri aocnt edr ni pkhBatdiceganr ceo mmomd ryd u c t X6RID ,wi t h
Raman speammKesacyopphot oel ectronMasiprecidesntopy
characaeei di scassed ionr ktihnigs psreicnt @ kopniwgnihd | deae twa

di scuseedSdomnt@im@ant er i al s characteri zati on

XRD measurememyst plr ovyti dect ur e Jamfidar matmmom o f
t echirioiqgdieent i fying phase transformati®&hmet hrou
insertobmbeat weé exh ay@IBassignet er | a yaeerv isdpeancciendg by t he
the (002) 4heaMoBHOONO WERAI stol vent exfoheéemtcah s
exf olb®awttiolne both (002) in 2H phase and (001



spacing between adj acMinltl éviroa il irasye ddsis fo mehrree nocchea n
unit cell aft erHopweavseer ,t rXaRiDs fpoartmhaetrinosn .al one c ¢
phase identity, as various intercalants <can
inducing phasdnt radrmdsftdromgt ifoonr. el ectr oc hemi
synthesicontaafca9 ebhs obdbee vead attraction betw
charMpessiheets and posei tala%®yg Fiehhedrnegfeodr & ,ntc o mpr e
characterization requires the combination o

changes and electronic phase transformati on.

Raman spectroscopy provides gqualbiotnat vy dr@aha g
or ph@momh.ase exhi O &psd artoadreasc tceorrirsetgppcamaei n g
MoS displaceomphanan8 atbm md’ THaea, emeslenteve
158m hj226 cmk{P30aaonch 7)) peaks, ©oaungd ed wi't
intensities, i ndi cat.esHofwepwmeat ijpdhaseleceoheeh Tr

cannobthéned from Raman spectroscopy.

XP&@nalysiguamtatht st menati on of phase composi
bi ndi ng enelrhgey 1sTh ipiWasdksPa nedx Midop e36 B s Oanh d 2128 1.

eVr espect i vaeplpyr,o xsiOhm &t tee\y |tohweeirr tZhHhnc @9 an & r par t
23Q®e.Y duectre as edde nestisicient@easltiriuvecrt d&irleower oxi dat
due t o tehde ctivémmgef Mao®PTantiosm syst ematic shdft, ot
and pSegions, all ows preci se g uSaynrt ti f e sciast i an

prepamatsihéihsn x@hlase symtedd@®hdimglT phased o®ht e
98

1. 3Elde.ct r ocrhpelmical T(aMe&8obsheet s

MoSin its ,2d phasnenly studied! A8t eel excha e
transformation t o dlhectlrTo np hcaasl eyl eatd midhpteons e .
active for energy storage and conversion, !
(HER) "% upercapgacdandd bithi m Dduhfteiri €sit’'Aese
applicatheetneemr the metallic 1T phase to t h.
i mpacts electrochemica@f performance of the n



Catalysis of HER

Hydrogen evol uti on rmaeed cetcitam c(hkeER )csac a spsr ogcsei sas!
sustainable hydrogen production. HER involywv
typically occurring i n acidic electrolytes.
adsorption on the catalyst surfaclee (fVold matri &
via recombina%®Ebhi iTarftel HERepatal ysis requi

binding energies for hydrogen intermediates,

Whil e platinum remains the benchmark HER cat
| arsgeal e applications, -abumwvdamgt t Oleti esrnaaritd ey efs
abunddMoSranosheetod entriealll iazsecena ned -elnoewu g p g e

producti onl unf acheyt durgoyg ébry. Jar amof | 2Hhe®MMo 81 f puhde
to be active and HER increased with edge col
current (Fdegno®ixtThle basal pl amensano$he2H s MoaS e

el ectrochembcaHER. aatabvgsi s

c)
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MoS, edge length (nm,, ,/nm?

geome(ric)

Figu23% mdgi HERamdcti vi rpyatabBg@usModel i ngi magesscoyf
for -Masopawit{ahc | easnfble)r hi gher edgeExadmangret rcaitrir@em.t
i n releadtgieomcotnadfeguratirepr olddbiced from Ref .

The first successfubas eagi HERriengcotr oddt aMo\ss
Lukowski et al . using chemvica-Buleixwloéia@at |l bhh
i nt er cdalaantsifodir meod 1°TT hpeh arsees. Mlot5dl @ gpo STt r at ed s u
catalytic perfor mancel8wi tnV eav el nogndpelaree epet &€ n o
(RHE) 16mMmAd small Taf edlelcssopgpei 6f cdaBt my out
unexf ol Magwdhd chH rexyguimVedover potential and sho
sl ope oded10 mV



Unl i kMo S2vHer e catalytic activit Wogkedammoanrsitlrya toec
enhanced perfor mance st ems from inherent (
(Fi glu2fe Tehfifsedcetmoinsskt vy aMtoeidt Wr eughl edge oxidatio
l1™oHSretained its catalytic actpievriftoyr nfddscpei tfeo
Mosdramatically decreasé@hengdmasehéraamé oc ma
to 1T effectively activates tmanyprmoi ®@uasdtyi Vv
for hydroglem &dodiltuitomn.it i s showni ¢ hai r ¢HERI
influendeéed pthyastehe olcEarteteatcihnemi cali Béd otthet i
intercalant achieved ~80%-71l wdadear ocemrstudnti n(c

even better HER performance with an overpot ¢

d elc

d
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Figlu2a@a) -rtHEgdhl uti on transmission eleangbe @mhouobas
dadf kel d scanning transmissiS@ameMpl ecteveml mhgr esge
induced by oxidation treatment ,elwithc9gcdliaglams
the edge oxidation mechanism and subsequent part
via polarization curves famrodhdeat s1,T meas 2rHe ¢ hlaesfe
oxidati on, swisttha nscoed u(tiiR)n ccoempensafFédudedbasshowne
from3Ref .

Supercapacitors

Super cagpraec ietnoerrsgy st orage devices that bri dge

and batteries. They store energy t hrloauygehr t wo
capacitance (EDLC), where energy -ekseodsctymbeed
interfpsewéd@ad, tiamveel ving fast, reversible r

surf®@8epercapacitors offer hiddsclhphawge danhe:

exceptional cycle 1ife, making them i deal fo



shdaretr m sWhorleege.o-masneadt er i al s exhibit high spe
materials primar-idaywyermr edlyarogme tsteordaoguebl mec hani

specific capacita%ce and energy density.

Appl i asditoanl lias EBbBctrodes wadkhn rstiperepapdeidt d
et al . i n 20GuI .k 1220 atstbhi®ani ctal dy, exf ol i ast ed i n
nanoswieteBw@ind r eswitack&@duum filtrati,onwhioch ab
was f ouhnydd rtoop hhiét i meancor e el eicvter otnhiacna |Isleymiccoonn
2H MebectMfodduenrset ri ¢ capacit a0 ec majngetd & roamal
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LiS batteries
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1. 3Chbal |l enges of syn4d hesis of metallic MoS
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Addi t icounrarlelnyt, synt hestcahewnratergiecays to compl
production rat@anbdbsmedetad | elgnt MmwdbSekil tyi osn,0o wmany
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1.&Q.mmaofl this work

Whi | e me toanlalniocs h ke § s demonstrate significan
applications, p-aaulk f SO | gilalityt eirn ebi t lkKieym sci ent
chall enges preérmeaas mar curhas demonst(Moedd t hat
effectively mitigates the polysulfide shutt/|
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reactions. However, two criadal camplkemnevdbtaty i
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additional chlad &t qad stjecepseir tatt eAiCe cofi nt 5 8es wi
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f ocronventi onal chemicanll syhboheat scomhombk®&Matts |
mat echat act,erainzdateiloenct r ochemi cal <characteri ze
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stability anal yses.
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MWCE introduded in Chapter
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to be considered.
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2Experi mentsal met hod
I n this champteerexplerdimeobavye mes@odEhi snyi ndles

exi stingroyxread eisg al s and el ectrochemical cf

2.Qhemical exf dMDati on

Cheams | exfobhi atddadpsm S ¥ynt hesi s techmdquphater
transf orfmnaMk SinMvasr i gipmalploysed i n 197tHer aal aat iv
l'ithium iomnsansioi bayemeé&laMDmdt eh-batyg b dmi de um
BulLiin hexaniessseodl uatsi oan t eddonageagenéel ectron t
ions intercastat badanceontheoehpalrgelMbd ,3MB5c h a

t his sphdaeetransformati on.
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2.MMaterials characterization
Il n t hi si rstercandhtb@eg i &1l s char actthat iitna unsye dr etseecahrnci |

2. 2Ralmasme ctroscopy
Raman spectr-desbpyctbsva heaoahni que Wbsaesdekedt @nch
inelastic scaffyeprcagl vf &dimbbochrwvwimat atci d rasl
modehoMonsa sample, and the energy shift of
with the material vibrational mind e sl ,| uisst rgaut a n
ascattering iesneslgivgluzaghreanom | e cauéer s i tpehdo tboyn s
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relaxing to the original energy s®Oadasi dmalsl
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shift in the wavelength of the scattered pho
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provide a fingerprintThd Rama m hcodnliodnasli atana di e
equati on

p T T

2A1 DEEEDS I—m I——
1 ¢4 J&a
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are typically more intense and thus preferre
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most prominent. After phase transflpeamhsi anet
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2. 2X-r2ay powderaddf Rratvebd refinement
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| n pthrassresf or med TMD materi al s, phase changes
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2. 2Xr3ay photopéetcto®mopy

X-ray photoelectron spectroscopy r(oX¥BR¥emsi saa s
and oxi datnifonm nieitgaudbee.h 2ws t h e o X ® B®epneartaitci on an
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el ecf{poniisheneti c eneereagy te(fl )t amfablylzeead t hat bir
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2. 25cdanning electron microscopy

Scanning electron microscomwy thSBEMQ3hi sleptmi o
magni fication comparFeduf(ae) @Qpltowsalt me cysolsecmpty
Typically, a nrmmaddedmidns-guBoM masdees od singl e cryst e
a thiprodpcéeé oel ectron beambewbelamhiogheéeéset gyp
go through a condensheeram en sz,e, valnide It uaa et ¢ le s t
which focuses thelhe&BMmrtecehshei dampfyBcoppe
mani pul atuirmgnt he magneti c sfthieemldd tdfe il fefcarreomt
point of 8Somamecopehbedmf bgstemaerically acr os:
area, produci nTgy pai csaclalnyn e dt hiemasgaemP T cew ecchuaumb,e r
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2. 2lransmissimhcebaatpgmanni ng transmi ssi on ¢
Transmission el ectimnn adnieesioaisutiaiggaym d TEM) hni qu e
obtianfnor ambhocurtyrst al,chemeecmposi ti on, andhel ectr
main saffEMgitalgi ng i s sWhitialr8EBBEot ubnhons | i m

beam size tomabeute®8obubhmon H56r pmEM can reac

Fi gu8seéhotwlse s cdfe ma.Eil EMt r on beam generation in
of STEyM.i cél Imd s& i ononoirc tehleercntir on ganbesamuseséd
el ec.t rkbonvweehvielreg Sa&nd caed ees at i on 1wWBAVikaEgiey mif ¢ albloyw t
operates in higher accel er athieonelwalttraoge sb elaen
t hrough naa gsreertiiecs loefnses before reaching a flu
to the human eye. The main dBEMeardcEEMDN d e
pl acemestam@ahae¢ hec tWirhdeleect r on b eaitnmh @ ssvdingclues e ¢
condenser anas mobHEMteifye clte wpel adceedade calway @ st he
el ectron beams tsampihetctiusdc dd érnesccooderatinto ave
samplieEM Thi s nifeEavh ss atnihpaste s b(e< t2hGiho n m)y ans mi t

el ec.trons
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Condenser lens
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Sample ‘ Sample

Objective lens

Objective lens

% ‘l Xy HAADF detector
(68-200 mrad)
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Fi gu8Se hZz.ma(tal)E M o § bS)T E.M

Some THEBMs paranmrimng transmi ssion .ellercttrloins mma
sudbngselr emtr amr ebeleehd ected by scan cSceivles adnd
i mages can bedibbernrneneddéecdeaundgntgs f i el d ( BF) a



annuwlaark fi el Thd HAlAdEt)tdeomhfsmaaced nfadkl0 anmhaldé

the orthogonalarle nceo ltloBdithaetd tsmyuntptdiee At oms t yp
be damkd background nappmpaasr itmaglee karsi ggHtectr o
t hrough Etllreectatomms. t hat aaegd@@®F {ir gcdtaerde acto lal ehci
bwhe HAADFLdadegercaraeg ommsre | i kely to diffract
ThuAADF i s saetnosmitci Yreu abbod r | aarpgpeera rlattoanksth e whi

background remains dar k.

STEMcomwmmonly used to observe and | magef phase
2D matkirg wWdlseh o2ns STEMl1 T mpbaseoand Bl pliasd€ Sn.
atom signal i's enhanced due to the ~cdo%Mmpl et ¢

i ntensimoy ydfd ethueno m Mo bubesxhgpemadf 3 Mo sites
can be seen. suhfoonsi aes, reakchw 3% of the Mo

Thus, only a trigonal shape from the Mo aton

Normalized

Distance (nm) Distance (nm)

Fi guga @TBRMmaagrd | i nenaiposft &)Hs idtibJT phase regions of
exfoli afRelde Modgonal shape frosneé¢imei Mot e dv2hi$ | @eh @ snes
onl yt rtihgeponfat ommhtape Mo atom can he Fsregaprrefdqiuarde 1T
Re fL°

2. 2X-rébay absorption spectroscopy

X-r adg s or poteicamr ¢ XASPYyi s was @ de cthon i dpelte=c i mmicc ur e,
oxi dat i onc osotradtieensajti iracomémaet retd iXaAlSs mo n o c hvraa meatso r

t heralypavel,engnbdedrhgasses t hr ough tah emepthaot oneelsehc,
ef foeecter at edpg) apcapoenitorial to t-haeybhert @reand t i
withe s@amepdweci npgh catnooetl beecrikerppticet(ted tat ke t oans mi t



intensity. Bayndappmptahe ng@gabsor pti on characterdi
deterfAMiceedaengi es, knownoraswlaibtse-hlpiyiesoacai stdeg e s
coerektec(tedga,mls s@rporbital) to .As oexamplee, stth
SK-edde2470r epVr)esents theremet gy ame lb®edpt 8 on f

[Fi gulr(e]) 2.
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nucl ei more strorqley.gxTchiose itrhcer ecaosrees etlheect r 01
hi gher eAsrdyssratrkdXiany photspelcd agMesacatpoms

in the 1T Ipdhwesre dfafveectai ve oxi dati omr osnt athee d
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St actaens be observe@ddigre Bhowhigtekeeo $MHA TL Mo S
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2. 2Dt ferenti al s camthh enrgmacgarl aawnmianmgtsrrigc
DiffeSeannahg C®dDISCH)it mesthmyhcqabent i fi es t her mal
reachyomesashernequi hed tosamamphwoaiamdeatelntcae par
the same temperature. Depending on the nat
exothermic), the sample will absorb or relea
t he sampl e andThihse craenf ereengleott ed as a heat
peakwvadmsdpsy t he t etnfpeesreattulreerankaela pe vaecret s

Ther mogravimetric anal gepar ésTiéiuy tcaainedDdbues | pye r f
Il n TnReAxhanges aompltehcenBAdedn egxatmehtai n subst anc
sample reaches boiling point and evaporates,

DSC can be used t o calusseerdv éb yt haen npellad si enrgc B ana @I
the metastabbwei ILIT mpelasx t™Mo St he 2H phase up
determine the phase FRirguirsd ho@ wsa ti SOOnG&ue nvpee rf aotru
MoScrystal . Duupr2thdgaheationd er miQ cpaena kb ea to b9s7e. r2v
the DSC curve whil esctome t @mnngdsaticasl &€ nnmags so fr esnoal i vn
absowbdtelhe metlaphadbdreMeShi gher energnyerogy f or i
rel easmpida e otnr a’Ps B0 hidtt h ion-DB@rakse r TGA BOd on a
Simultan&@GAssPSCem under Ar, mamd a heating r
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t her mawi telveantp €alr s e Rt7TIARH tptheasleT t raeaehor mat henD
curve.



2.Breparabionaonfl pouch cell batteries

Coin cell shmatltleraineds eaarsey t o a$ slewmoblbemtstlelriys

perfor manwies hmaeltlr igcusant i.Eii @guslrG¥ B ot ee rsicahlfesmat i ¢
a coin ce@liln bcaetltlerbyatt erciadshoare ecdmrpgrtiroegt ef
anodefpacer and arwashetrd sppphy pnessmus @r e ng d
contPadoorcotin cell battery a$sembalyn ytehiex t 3 tou
conductive hwermsxadhdi subadf GO :ASO0porhayysyi maytiiaen
(PVDF) alwicmdienet i ng for 10%Waesfidedetoot 8bhemiswi uy
we ael deNdmeatoR-pyrrol i doeokaé@ddtMP)i rred for 24 h ur

was achieved. The slucogteadsaltumnsdmrieidl twi
to make cathodes. Thus, the materials ratio
45 wador@duct,inde 1Moswt % PVDF binder. The sul f
0. 8 HfgE|cent tweorbeeised in vacuum at 60 AC overnig
positive 1o
o \i anode
a) ) 4—— Coin cell cap b) Ai ‘
4— Lithium
4— Separator
S Li-S pouch cell
—— Gasket
—4—! = “'/E'Eectrode pos‘\\'\“é collector

4— Coincell can

se$>?§‘a‘or

Fi gur®aSg.hematLiiSc boaft dgers else meét ico i mf cl@f bs)chamaei ¢.
of -8 pouch ¢%I1 battery

Pouch cell batteiinesedleblaatgern eshédolthreyi n di
are ideabafperfesmangesatnt iantlgerreaecttricclayylt e and
are | Thi ¢ edeans that (kEé S¢|l aodrokegbeéeive so0l p
are Hiogw @) 2 s h oswsh etntaet i- podu cah Lcied |t thiasghtewo ryk ,
pouch ccel bctWeSpkeesspared similarcley | thetblwéat hof e
coatwiamppi cker to ackiméveuhfiBr giigd&dicmgl ofd. B ¢
pouchwemméslsembl ed in a dry room (pedtahode, ha
Celgard polypropyl ene sepasmaweose aa@akaed aandtmha
intdami nated fil ms (MTI Corporation). Al an
the outward connection of the tabhofdwa daedcael



controlled to bweas 2t heTnhet rpaonusefhe Fd eeldl g h o ve lamx

injection of electrolyte and encapsul ati on.

2.Bl.L.ectrochemical characterization
Gavanoschatge/ di scharge

Gal vanostatic c¢haabgel/idki smeharogde f(0GCD)e sitss ng b e
stabi GCDne.aslum eamanht ery i s cycled bet seetena upp

constant current. Typically, the current can
rat-ear€s¢ at ei mebratthieeukthpoge or di scharge. | f .
at -raatCe of 1C, it means that the charging cu

to upper potenti alwolriknild@sdoneona houAdANMDR@T OO0
tessysogear €0 @asTehse upper and | ower potewtial f
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Figur a@Cxrurves a tSyagui tcBauryilnig di schargeducgadl i
polysulfides 23%@0t he Oh@pmeroflpdladaateamd at ~2.h4eV cor
reduction of scuhl afiunr  ptool yEsaunl dhS)ldi@ sOh(eL il ower pl at e a
correlates tosthef urtdhert | o@iCweé piLonS phoadtdtaertys . at Vv
scan rates frOmeOo@bdaoi bmVpsehkrgeepresessiogntk
and two redwcthited meaks 4 V and 2.1 V correlate
observed in“tdNgqgGCBPtcptweée. and equi v-8&8l eafTwempedar
semi chbrXasndc®DH)represent the surface resistance
respecitivel y.

Cycwild ammetry
Cyclic voltaatmedhnwisgupeYtpdbesel ectesp@lmesmgii ovaeln

potential. CV measurements are based on the

reaction in the form of

| @EEA © 2 AA



Whet @iEs t he specileiss btehen gn umebdeurc eaf, elAdcstrons

an el ec2Aisn,t haendr e.dlue ede s petcii@s potenti al cart
0 a 2Y| T'Y'Q’Q
€& VANO)

Whe®©Oies t he r edulits otnh e ostteanntdaarldi s edluetumminv @0 $
constyiasnntt emp&e b véli nse tihre of n uenibeecrt r o &8 st rFam afdaryr

constYyfdts, t he concentrationiofNstheeredoncendt s

the species being reduced. Ner nststehgeu aitdamn
concentration via redox reactions, which can
Il n a CV scan for batteries, the operating Vv
hi gher skaWwisghadgdre currents, i ncrease cell re:
applying the overpotential, the current gene
measur ed. The redox peak positions and peak
kiemics in the same battery system. Gener al

oxi dation peak potentiatial ncaedsencedaseéei bl
Fi gulrfebs)Bows t he effecdbxopeskfaproSa blaisnheny

El ectrochemical i mpedance spectroscopy

El ectrochemical i mpedantechsmpiequetsatBmoap Vi ¢ €1 B
el ectrochemical Ssyst ems. I n an EI'S measurem
el ectrochemical <cell, and the resulting curr

By applying Ohmés FKamman thhee exoprad s sientp eadsa:nc e

o W

@ 0
Whebes the ang®lbairs ftrreegueanmpyl,ex sinusoi dal f
)b is the complex sinusoidal f édnicst inand eo fo fc ua |

paiz} &and an i H)a,giwhircgh parrd gl sdéacHddmonl y den

ZiangZlare most commonly represehditse diahvd sXiashdhe N

thexy s, and each data point reprlédsents a me:
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systems, a typical Nyquist plot consists o
d a sloping |line at liorwea Ny eapseenscg hetst. r elshie
charge)tandsdfdhBELR( Rsbdnet i mes overl ap as a
e sloping line is known as Warburg i mpeda
ect®°Gederally, a smaller diameter for the
netics, and a steeper sl ope for the Warbur

e el Fort wtohdiksEl S measurements are done on a
[ response frequency range was set to be
mV. The Nygfuiitstted liont si lad eBidd It ovaair e . EC
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3Ther mal and envirochmentcal | sMo&hd iod § ma @tids

The polymorphic nature of transition met al [
with different Ael ead tsrc8uescstie.d@uninatdpacmetmbebsy.b d e h u m
di sul ffimodtey bdenum di sultthiedd heMm®8dynamically s

phase exhibits semi conducting behavior, w h
demonstrates metallic properties. Phase tran
chemical I nt eiracrad ,a ts,we¢ infgi cazlklay i n‘gubgkeht shisu

(Bulsexectli. dn 2The mechanism of this transfor
from the butyl mo | edairl kei ttad , t haed drohlp laumil e m w mb y
intercal atibah amsi nghasmgeci es, yi el(dMong . met al

Subsequent processing with deionized water

preserving the 1T phase structure. This pha:
the materi al el ectronic structwaati amd, fwhert e
metal |l ic 1T phase exhibits superior perfor

counterpart.

However, t he met astabl e natur e of t he 17T

i mpl ementradli ome $ mes tiher modynami calployn stga mige o

anneal Thgs phase instability mani-daytpget iho o@s
and ther mal rel axati omMCat Vahempesatstrads | agat |
been i nvestigated, jmyedmuag enga tcd hoenmi tcraé a t droemit

engi ne®®%% ng.

I n thischarnmdicle rpkMasSien t he ( kMaSainadt epduf eo r Mo S

(1T MwiSt h Raman X-pagtrdoddom@my,t i-roamy (pXRDt)q e |aencd
spectroBRopyi nives t ihtplae ema | $ iMotBa hdt ¢ TwiMao S

annealarnggo ni deemd i fy phaset aoh XPpei wvomamemnxt a l S 1
LiMosand 17wahboeSst ilpyaséed uaXRDhe wmalt leowad t o oxi
i n t he Baroki € awagouna n tvii fai eRdir ef v e¢efinetnie XRD patt
whil e surfwaegu ant idlaR &Td mwnisane Isesc¢ tomon (N EM)o s c 0 |
revedaHat oxidation t akeBo$nlaancoesshrecent st bogr edges
cenAgrng and anannedal hamsgh dw hatr ymoi sture i s t he

oxi daambnenh



3.3ynt heshasr aacntderca s g nit b gozsadd 1T Mo S

The transformation ot os emido Bwascitliintgi &tHe dMotSl
i thium intechkamhmakdlohi autsBioning vs @ecactiloRg. 2
Subsequent fay,sisdreidc atiisprer sdLaMio 3 nt ® clsavyeegrteed e x
nanosheets, with the choice of solvent deter
di spersion in polar pr 6 Diwat e ol drtehmato vienstuecrhc ad s
i th

tetrahydrof urdinhe( TTHF)h ipurne sigetovBe, a nroesshuelettisn g Tihre

Il um i ons, yi edndainnogs hmet &I, | iwchi 1 & MoSpers

nanosheetwepaaotdauichtesd t hrough sodrvyeinmg removat .

filtrati oWhitleec hma tqazevaisre mbV eMo 8 r i hgeemest f
driers do not reachxMolBeot refpfl @d ipyov ed f f We z tdHeT
used vacuum fil tratbiMoSAso dsiespcaursastese c Ti Bhie 2df ert oam

Materials chadiacsttien®hRaatheaaompexsaypyssdiofpfyracti on
anXtray photoel ectron specitdreonstciofpyy t(hXxP SL)T cpahna s

3. 1Eflf.ect o fs pceesndixML.a Snwagre ssheepeatr at i on

Il n chemical e»ivdleirapr ewxe risrormesdlotasydt . e Xfhailsi, a't
they must be removed from the inmelolshveretarmd o
stuflioedabhasedsdi sperspomentTihal hofght zet AT nan
neutrand ptHhei r semadd| d satsetraad| e i ddiemgh € ALEIOAON , an
rot aptemo @ RPMPrmildan r emorveadthed pr el usrpsears i paw
of yMoisn anosihreeTBBF | es s wsatt &k l. 8 h oFwagnuil,ei Bni f i cant
set wlaecbgeafvtedof B Adtiisapl eWhsiiloen .pr evi ous studi es
gravitational settling for separation, t his
separatiofoef mpepeargwel i mpbemadrweditaed ugat.i
separation protocol with a conservative 50%



Fi gulrPdhox.ogr Mpidiosfpelrised i ntTaHF 2@ @i mmmyf enbd i( b)) t 2
di spersi on.

The dwrfattihren cenwaséugeopbarc®$®oncentration o

wa set tolbSaupermatmints of waeficlemnairedivgemaer

oxide filters, dried i n vacTuhuee,starckwewdelslheett

dri ed wundPesr svhacewmypothbee Bentri fuge epeé@dd maks550

yield of ~53%,taihliicthgsmaequsifiementhe.
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Fi gua2Ma s¥. yield vs. g¢gvonshanbdbslgeespeeparfatri an

3. 1IRa2man speangoanbplyication of intercal ated

Raman spectroscopy serves as a routine <char

phasesotohfr oMiogSh t hei r di skFtiignu@dseh aBvdrRamamad p eno
the 2HpoModSer precur s oMo Saanmdd 1efx BMoiSs A e b hb e



exhibits characteri stG ¢ -pphaonneo nv inbordaetsi Aagnt) 3a8n2d

ouddpl ane vibration). Twae dvii gdmaced tbhyntsh @ r ana
di stinctldi(vieb3pedathxs2D, cml ( 325 aomiMo)s. time ak
intensitdg dindiirciagheng successful phase trans

attributed to s2Hupthaseal. Fausodbd eadetxyhi Dlit s
a characteristic pe&eak @adr r2é9podndal meafl dietchdduertd ¢
interactions-tmioéry bdl@anubni a hi o e X°ceeds

a) b)
J?
&\ 1T MoS,
=
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e
3 E
s s 5
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Z = = .
< < Li,MoS,
E E
g 2H MoS,

(002)
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Fi gu3(eR@man ¢ pectliTaMds$s and 2sth oMafg(gpil ane;™)382 cm
anAl{ o-apl ane ;)4 pGaaddd , f e ditJyr espe(aks at 153 220, a
anadpeak atL(DDYROD cpmmtterns showing aMongews (@@dst peaqk
to 1T phase transformation and an increase in i1
same position Mm$h observed in 1T

To deter mi menvotr lae | @ a dviggcutaendt i t ati ve anal ysi s
coupled plasma malS) savoctbied meter yandl GHi taer S €
centatiifflang anal y 8 Butroe vieceal 240 Snmanbbbekts foll
centrifugal separation. Prior tRinn€@an at was
determined to be 2.5, cBrudii sM(dBhowiMOEy )t he mac
used in the chemical exfoliation reaction.
threshohwd> 0oG. 4 readiehercemodymami ¢ stabilizatio

presence of excess |ithium ions appears to ¢



by the supp® eRsasriaonn noofd et cehar act eowdvaers,ofi ttt

possible that signilawxenb,c destoengpoal & ti ioamm snafy
el ectrochemiblcaddsy tinttoh BetSp e mwihwindng,>a.f L i

3. 1IXr3ay diffraction

X-ray diffraction (XRD) analysis revealed di
['ithium intercalnaMdi®amdaddn abwdSoH d eatts ofnr om t hei
precUFispuldsé.) The emergence of characteristic
corresponding to the (001) and diOn0t2e)r aBarl aagtg or
both LaAntWM&HSnanosheets. These neiwesduibfsftraandtiiad
interl ayer expansion, with the interlayer sj
phase to approxi matelgndMa@dB8stomciturlest h ThE k
patterns odndsSTheMatSr exde e d, |l ess intense (-
attributed to reduced preferdreydi mg ipmdads DU
water MrAemewxapdaarilmeedr hclwaptueed vacuum filtratioc
fromMolsi whdtcdh dnestacking of dadre amaasosbegt 600@
peak. While the (001) and its Bragg reflec
di mi ni s hy®d Siasf teexrf oLlii at &Nt amd yr et aekedr yst al
typically observed in the parent 2-HrpbhdséTar
MoSandMaHfSnanosheet i nsdancpalteisn,g effective sep:
Sctd.oh. 1

3. 1Xrday photoelectron spectroscopy

X-ray photoelectron spectrascg@BpyYan(dsdie ldraley
spectra provided quantitative pampfdegeud)nep a3s.i t
Phase differentiabhotom dan ddes pdocAteragt.iesic u s1sed
Sctiohud8 to the additioBali el efcft e oniode ndixeied a
1T phaskowaenr t hat of whrieeehil2rii g hlmisredi ng ener gy
| ower f odp etatkes MMos 3al | ows f or @Qhuea nma tfalclaitda oInT
concentration was det er mixde &n a noo sbhee eat psp,r ocxoi nmpe
74% i n -ltihtehl MaoorBsda mpl e. NotBadbh gsheet s exhi bite
Mo content, i ndi cwahtiicnhaf upnatrhtiei gaul 8 novxe Sdtiai$gi aptimiaq!



I n addition, sulandvEmred obslefVotbalan @SMeéet s. T
formation of these compounds rel ates tthoe synt
| aBecti.@dn

Mo3d, 1T MoS, [S2p, 1T MoS, nanosheets Ui 1s, 1T Mos,
@) [ 2Hphase b) | — 2H phase Mos, c)
— 1T phase —— 1T phase MoS,
M05+ JR— SOB—Z
—s0,
Mo3d, Li,MoS, s 2p, Li,MoS; nanosheets \l\’\m\’vw\
3 3
s s
2z = =
2 2 s [
2 () < |Li1s, Li,MoS,
= = <
3
c
o
5 2p, 2H MoS =
Mo3d, 2H MoS, P, 08,
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Binding energy (V) Binding energy (eV) Binding energy (eV)

Fi gud4Deec.nvol-uesdl(@)adb)p, SandsXEy spedtoal] yshowi
2H phabte pnecubsdb¥% Ppowdlase concerabhoshelm®dd oandT
forMoghanosheet s.

3.Rhermal stdbdnd yl ®fMd&r gon

The 1T phase kmfowmMoS3 o be metastable and rel a:
and d¥lowgvéeymal stabiMoity oéar bkl jHesgwy eideatki t
st aibeddfi tl TaMaddMaSnanoswemseyst ematically invest
t heramanle @BiOn gnit NAG0 AXX50 a A€ 4@der argon at mosy
spectrwasxsopydadknthacsyeanges i nanbdgMthSnBo8s heet s
foll cwiong nwapi | e differenti al scanning cal ori
associated with phase transformations and ot

analysis (TGA) provided insights into mass |

The ther mall The BanvdxM& Snafnosheets was investi

coupled with Raman slp™MoHbawsncopwpl arcdoG&mser mn

DS@rofil e edoa rtelsp omamoval of interl ayer wate
evidenced by ian IM03%We massyekoAber mi c evARGt i ni
maeld he 1T to 2H phase transformation, corrob



1T phase Ra®hanhhhpeakzuy easnd consistent with t|
density function3iUThidwedrypnshddmhyaildddon £.amp | e
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