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Abstract

MolybdenumDisulphide(MoS;) hasemergedisa promisingmaterialfor thedevelopmenof
efficientsensorsHere,we haveexfoliatedanddecoratedoS, flakeswith the novel,single
phase multi-component (Silver-Gold-CupperPalladiumPlatinum (Ag-Au-Cu-Pd-Pt))
popularlynamedas high EntropyAlloy (HEA) nanoparticlesisingfacile and scalabldow-
temperaturgrinding, followed by sonochemicaimethod.It is found thatthe decorationof
HEA nanoparticlesmparts surfaceenhancedRamanscatteringeffectand reductionin the
work function of the materialfrom 4.9 to 4.75 eV as measuredby UV photoelectron
spectroscopyThis changan thework functionresultsin a schottkybarrierbetweerthe gold
contactandHEA decoratedoS; flakesasaresultof drasticchangesn thesurfacechemcal
nonstoichiometryTheresponséo hydrogengasis studiedat temperature30to 100°C, and
it showsunusuap-typenaturedueto surfaceadsorbedxygenspeciesThe nanoscal@unction
formedbetweerHEA andMoS; showsa 10 timesincreasen theresmnsetowardshydrogen
gasat80°C. Theexperimentabbservationbavebeerexplainedvith DFT simulationshowing
more favourablehydrogenadsorptionon HEA decoratedVioS; resultingin an enhanced

response.
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Introduction

Thehighsurfaceareaof theatomicallythinmaterial{2D materialsutilizedfor differentkinds
of applicationsstarting from electronis, energy generation,biomedica) and sensors®.

Furtherthevariedandtunableelectronicpropertiesof thesematerialsmakethema hot cake
for variousoptodectronicapplicationsTheTransitionMetal DichalcogenideéTMDs) areone
of the exciting family of 2D materialswhich are reportedto be interestingor their varied
physicaland chemicalpropertie$. Particularlyin the areaof chemial sensorswith the
discoveryof graphene@andTMDs, theonushasbeershiftedfrom metaloxidematerialsothem
due to their excellentsensingpropertiessuch as sensitivity at relatively low operating
temperature’s Hydrogen(H) is a low density,colourlesspdourlesgyas.It hasan extensive
flammablity rangg(4-75%)by volumein air, andit hasavastutility asafuel spaceaswell as
territorial application8. Hence, it is essentialto monitor the possible leakage at low

temperatursas well aslower concentrationsvith high sensitivity.Most of the metaloxide

semiconductebased,sensoreperaté atmuchhighertemperatureg 200°C)°. Therefore
a suitablelow operatingtemperatursensodeviceis required which canbe energyefficient

and usedwithout a powerhungry heaterassembly The high chemicalsensitivity of the

molybdenundisulfidesis utilizedfor thedevelopmenof a differentclassof gassensorso:t,

In contrasto thebulk TMDs, thefacttheycanbe exfoliatedinto individuallayersof a single
atomthick sheetanmakesthemfar moreresponsivahanthat of the bulk countepart. These
individuallayersof MoS; (or any TMDs) arestackedn bulk employingweakVan derWaals
forcesandhencecanbe easilyexfoliated. Thesesinglesheethiavea muchhighersurfacearea
aswell asactivesiteslike edgesyacanciesganglingbond, etc; hencehavea muchlarger
changen theconductivityasaresultof surfaceadsorptiorof gases. Howeverthemajorissue
of theMoS; basedsensorss theirlower sensitivitiesandlargeresponséime, i.e., timetaken

by sensotto reach90% of the saturatiorfor a givenconcentratiorof gasaswell asrecovery



time, i.e.,time takento comebackto 90% of the saturatiorvalueuponwithdrawingthe test
gas.Thislargerecoverytimesarisedueto highbindingenergieof thegasmoleculeontothe
highly reactiveMoS; surfacé 2. Thiscouldbe addressetly makingheterostructuresf MoS,

with differentmaterialshavingbetterelectronic propertiessuchas nanoparticle®f metals,
alloys, oxides, other chalcogenideset®. However, the methodsof synthesisof such
heterostructureare quite comdicated and involve multistep.Thus, a simple, facile, and
scalablenethods alwaysdesirable.

Recentlydeveloped multicomponenHigh Entropy Alloys (HEA) have attracteda lot of

attentiondueto its uniquepropertiesyhich aredistinctly differentthanthat of its individual

components»14, The structuralstabilityandhigh chemicalactivity of theseHEA havebeen
utilized in structuraland energy generationapplications.Recent literature reportedthe
combinationof strong (Pd, Pt) and weak (Ag, Au) absorptionstrengthsof hydrogen,
AgAuCuUPdPt alloy has excellentcatalyticactivityin electrereductiorof formicacid, towards
the productionof CO, and H, evenat zerobias> 18, Therefore,in currentwork, we have
synthesized hybrid consistingdf nanoparticlesf HEA andMoS,. The HEA (Ag-Au-Cu-Pd

Pt) nanoparticleareuniformly decorateadnthe2D sheebf MoS,. Thehybridis furtherused
for gassensingopropertiesin orderto gaininsightsinto efficienthydrogensensing we have
performedDFT calculationslt wasfoundthatthereis a significantstructuralchangeat the
interfaceof HEA andMo$S;, dueto chargeransferbetweerthetwo componentsyhichleads
toits stability. The hydrogemadsorptiorwasmorefavourableat HEA sitesratherthanthatat

MoS,, whichcouldexplaintheenhancedhydrogergassensingyy HEA- MoS, composite.



Experimental
Materials

The Molybdenumdisulfide (99%) was obtainedfrom ThermoFisher Scientific(USA) and
usedfor cryomilling without any processingSimilarly, the metalspurchasedrom Thermo
Fisher Scientific (USA), Copper, Silver, Gold, Palladium,and Platinum were used to
synthesizélEA NPsusingarc melting,followed by thecryomilling processThe DMF(N, N-

Dimethylformamidep9%wasalsopurchasedrom ThermoFisher.

Nanoparticlespreparation

Equiatomic(Auo.20Agdo.20C W 20Pth 20P1 20) HEA nanoparticlehave beenpreparediusingarc
meltingand casting followed by the cryomilling method.The all five metalsin equalmolar
ratiohavebeenarc meltedandcastasingotin aninertatmospherandhomogenizeet 1000
°C for 24 h. Subsequentlythe castingot hasbeenpartedinto smallerpiecesandcryomilled
until the formaion of finely dispersechanoparticlesandthe detailedprocesscan be found

elsewher?&’.

Exfoliation of MoS;
The MoS; powderhasalsobeencryomilledfor 7 hours,andthe samplehasbeencollectedn

2,4, and7 hoursfor characterizationAfter 7 hoursof cryomilling, theMoS, powderhasbeen
dispersedn 50:50ratiowater/DMF (Dimethylformamideusingultrasonicationln addition,
1 wt% AgAuCuPdPt HEA nanoparticlesalso added and sonicatedfor 30 hours using

ultrasonicatooperatedt40 Hz, 150watt for exfoliationof multilayersMoS,.

Characterizations
TheMoS; powdershavebeencollectedafter2, 4, and7 hoursof cryomillingandcharacterized

using X-ray diffraction (Panalytical Cu target,< = 0.154026nm). The exfoliatedMo$; in
50:50%DMF/waterhasbeenwashedvith methanolusingultracentrifugatiormnddispersedh
methanol.The one drop of washedand dispersedVoS,-NPs was placedover a carbon

supportedTEM grid (600 mesh Cu) and dried overnight before TransmissionElectron



Microscopic(TEM) analysig(FElI, Titan G? 30-600,operatecht 300kV). Similarly,onedrop
placedovertheglassslideanddriedovernightfor RamanSpectroscopgnalysisusing532nm
laser.The samplesvere drop castedon to gold-coatedglassslidesfor X-ray Photoelectron
spectroscopy(XPS) and Ultraviolet photoelectronspectroscopy(UPS) measurements

(OmicronESCA 2SRXPS systenmequippedwvith Mg Ky1253.6eV andHe | 21.2eV)

The gassensingstudieshavebeendonein an in housebuilt sensorcharacterizatiogystem.
The detailsof the systemcanbe foundelsewher&. For measuringhe sensompropertiesthe
samplessuspendedn ethanolare drop-castedon the Si substratehavingthermallygrown
oxidelayerandAu interdigitatecelectrodeslepositedy DC sputteringThe sensorcurrent/
resistancés monitoredatdifferenttemperatures thepresencef variousgasconcentrations.

Thesersorresponsés calculatedasshownin Eq. (1)
YQE D £1 1 i € fpinn é (1)

The responsavas measuredor variousgasesincluding Hydrogen,NO,, NHs; andvolatile
OrganicCompoundgVOCSs). Further,the effectof relativehumidity on theresponsef the
sensowasstudiedoy passinghedry air (carrieraswell asdiluting gas)into bubblersof water
maintainedn a constantemperaturéath.

Computational Methodology

Densityfunctionaltheory (DFT) was utilizedfor all theoreticakalculationsasimplemented
in theViennaabinitio simulation(VASP) software(5.4.1version}®. Electronioninteractions
weredescribedisingultrasoftpseudopotentiatd ThePerdewBurke-Ernzerhof{ PBE)method
of generalizedgradientapproximation(GGA)?! was usedto approximatethe electronic
exchangeand correlationsA vacuumof 15 A waskeptin the z-directionto avoid spurious

interactiondetweertheperiodicimages.



Resultsand Discussion

Figurel(a)showsthe schematicef measuremertdf current/resistancen the exposureof H,
gasoverthesurfaceof MoS; nanosheetd’he MoS; nancflakeswerepreparedisinginhouse
designedow temperatur¢<123K) grinding.The layeredMoS; structurevasmassivelybeen
fractured/exfoliatedt extremelylow temperatur@and forms 2D- MoS,. Subsequentlythe
nanosheebf MoS, decoratedisingHEA (Ag-Au-Cu-Pd-Pt) NPsallow on its surfacellt is
confirmedusingRamanspectraf MoS, nanosheetith andwithoutNPs asshownin Figure
1b.In thecaseof HEA NPsdecorationRamarbandredshiftedby ~2.5cm, which couldbe
dueto the functionalizaton of Ag-Au-Cu-Pd-Pt NPsover MoS,. The intensityE,q (381cm;
in-planevibration)andA.4 (406.7cm?; out of planevibration)of the bulk MoS, with MoS;
nanoflakesafter30 hourssonicatiorshowsquitehigherintensity. The proces®f cryomilling
in successivehours (2, 4, 7 hours)has progressivelyed to reductionof the MoS, Raman
intensity, as shownin Figure S1(a),[Supplementarynformation]which is consideredhe
evidenceof nanostructuréormationby cryomilling. In addition,the processof the 7 hours
cryomilledfollowedby 30 hourssonicatiorhasledto a drasticdecreasef theintensityof Exg
andA14 band asshownin FigureS1(a) whichrevealghe nanostructuretbrmationwith few
layersof MoS,. However the additionof high entropyalloy nanoparticle$Ag-Au-Cu-Pd-Pt)
in 7 hourscryomilledMoS; causeof enhancemenraf the intensity,indicatingthatthe HEA
alloy NPsimpartsurfaceenhanceRamanscatteringeffectspossiblydue to electromagnetic
field redistributiort?.

The X-ray diffraction (XRD) patternof MoS, nanoflakesvith NPsrevealsthe presencef
constituenphasesasshownin Figurelc.Successiv@ourof milling asshownin FigureS1(c)
[Supplementarinformation]revealghattheintensitypeaksin theXRD patterncontinuously
decreasingasthe time for cryomilling increaseslue to massivefracturemultilayerMoS,,

which couldresultin reducedntensityin diffractionpatterrasshownin insetof FigureS1(c)



(002) peak.Besidesjt wasobservedhatthe FWHM of the (002) increasesvith increasing
cryomilling timein FigureS1(c).The photoabsorptio(UV-visible) of nanostructureoS;
is shownin Figureld, andit is foundto beweakascomparedo thatof bulk counterpart®. It
Is furtherweakeningn intensityasmilling timeincreasesasshownin FigureS1(b).Thebulk
Mo$; after30 hoursultrasonicatiomevealghe highestabsorbingoandat 395, 450,612 and
674nm,whichcanbeattributedonearbandedgeabsorptiorof directbandgagrisingedgeat
700nm),thefour excitonicabsorptiong612(A) and674nm (B) neartop of valancebandand
460 (C) and 395 (D) from deepvalancebandrespedtely)*. However,the HEA NPsin the
methanokhowsurfacegplasmorresonancéandat nearlyamax= 284 nm. Consequentlythe
combinatiorof MoS; decoratedvith NPsrevealsthe combinedabsorptiorpatternasshown
in Figureld.The cryomilledMoS; with the additionof 30 hoursultrasonicatiorwas found
continuouslydecreasingheintensityandincreasngthefull width athalf maximafor 2, 4, and
7 hoursof milling, signifyingthatcryomillingleadso nanostructuretoS, with exfoliatedin

ashortettime of ultrasonicationn thesolution.

Thesizeandcrystallinityof MoS; flakesfunctionalizedr decoratedvith HEA nanoparticles
havebeenestimatedising Transmissiorelectronmicroscopy Figure 2(a) showsthe bright-
field TEM imageof a few-layer MoS, shees, and Figure 2(b) is selectedareaelectron
diffraction patternof monolayeror few layersMoS,. The NPsweredecoratedvith MoS; as
sheernin Figure2(c) andconfirmedby electronring diffraction patternshownin Figure2(d).
Thehigh-resolutionTEM imageof singleNPsis shownin Figure2(e)andFastFourierfileted
imageof HRTEM single nanopaticlesshown Figure 2(f), where the plane(111) hasbeen
markedandcolouredatomspositionhavebeenmarkedfor the simplerepresentationf NPs
surface (atoms position was not experimentally determinegl. In addition, chemical

homogeneityand compositionof nanoparticleshave been confirmed with TEM-EDAX



mapping and energyspectraare shownin Figure 2(g-h), andthe inset showsthe HAADF

imageof ananopatrticle.

In orderto studythe effectof additionof HEA NPson chemicalstoichiometryandelectronic
structuretheX-ray andUV photoelectrorspectroscopgf boththe samplesvereconducted
andtheresultsobtainedareanalyzedandpresenteth Figure3. It is seerfrom Figure3(a)that
the Mo 3d corelevel XPS spectras quite complexunlike CVD grown singleMoS; sheets.
Severalpeakswvereobservedn thisregion which havebeenattributedto corelevelsof S 2s
andMo 2p for Mo** andMo®* oxidationstatesThe peaksareresolvedconsideringhe spin
orbit couplingfor thetotalangularmomentunof Mo 2p 3/2 and1/2 for eachoxidationstate.
Ideally, for clean,stoichiometridMoS;, only Mo** stateis expectedHowever,it is observed
thata significantlylargeMo®* contributionwhich couldberesolvecclearlyin eithercasei.e.
at229and232eV for 3/2 of Mo** andMo*® respectivelyThe detailedquantificationof XPS
datais summarized TableS1in supportingnformation.Moreover therelativecontribution
of Mo®*wasfoundto behigherfor HEA decorated/0S; sampleThisimpliesthatthereexists
asurfaceor edgeoxidationlayerontheMo$; flakes which resultan theformationof iMoOs
| i khmmactemsfoundin literature®25, Similarly, S 2p corelevel spectrashownin Figure
3(b) revealsmorethan one oxidationstatesfor S ($*, %) aswell. Along with this, metal
sulfidepeakscouldalsobe seemat lower bindingenergyi.e.,159.8GV. In additionto anionic
sulfur, severalpeakshave beenfound on higher binding energy which reflects a more
positivelychargedatureof sulfurionsandhencehavebeenattributedo oxidized sulfuri.e.,
SQ:. Hence,this supportghe existenceof surfaceoxidationwith observecigherMo®* ratio

in thesame.

It is knownfromtheliteraturethatwhenMoS; is madeby physicalmethodsuchassputtering,
laserablation etc.andexposedo air; it resultsin surfaceoxidatiorf® dueto poor crystallinity

aswell asratherlargesurfaceareaThus,it isimportantoexamingheO 1scorelevelin these



samplesandit hasbeenshownin Figure3(c).Normally,thephotoemissiofrom 1scorelevel
of oxygenion, which is directly or covalentlybondedto the metalion, appearsat binding
energy529.5+ 1 eV. In thiscase a peakis observedt 529.6eV, which correspondso oxide
ion. This couldbe the oxygenbondedat the edgesor surface asmentionedaboveandin the
literature®> However thispeakcouldbedeconvoluteinhtotwo peaksd.e., havinganothepeak
at higherbindingenergythanthatof 529.5eV, which could arisebecaus®f surfacedefects,
chemisorptioretc?®. This presencef oxideionsareknownto give riseto p-typeconductivity

dueto electronwithdrawingnatureof oxygers®.

The Ultra Violet (UV) photoelectrornSpectroscopyfUPS) was performedto examinethe
changesn thework functionof thesamplaupondecoratiorwith HEA NPs.As seenn Figure
3(d),asaresultof HEA decoratioron MoS; flakes,the secondarelectroncut off is shifted
towardshigherbinding energy which reflectsa lower work functionof the HEA decorated
sample.The work functionscalculatechavealso beenverified using Kelvin Probesystem
(from KP Technology UK) at roomtemperaturesandthe valuesmeasiredareabout4.4 eV
and4.0eV for bare andHEA decoratedMoS;. Thesevaluesarein goodagreemenuith those
measuredisingUPS (photonenergyi (Secondarglectroncut off T Fermienergy). Thus,it
is evidenthattheHEA nanoparticleaffecttheelectronictransporof thematerial whichmay

resultin forminga schottkybarrier.

Figure 4(a) and 4(b) showsthe curreni voltagecharacteristicef pristineMoS, and HEA:
Mo$S; respectivelyasa functionof temperatureAs seenfrom Figure 4(c) the devicesmade
usingAu electrodeshowa linearl-V characteristi¢or pristineMoS,, asexpected’. On the
otherhand,the HEA: MoS, showsa nonlinear-V characteristicndicatinganon-ohmic i.e.,
schottkynatureaccompaniedvith lower conductancef the device.This could be dueto a
changean thechemicalpotentialof MoS, upondecoratiorwith HEA NPs.However,boththe

devicesshowsemiconductingature|j.e. theinstantaneousesistancelecreasegponheating.



Thus,in orderto extractthe barrierheightbetweenat the metatsemiconductojunctionin
eithercasethel-V is analysedor thermionicemissiormechaismasit isdominanin absence
of any gatevoltage(two probedevice) Here,thethermionicemissiorcurrentis givenby the

following Richardsori Dushmarequation(2)?8:2°

0 "MYQT p Q (2)

Where|| isthecurrentobtainecht appliedbiasV, T is absoluteaemperatureg is the chargeof
electronk is BoltzmannconstantA* is RichardsorconstantandSis the areaof thedevice.

Thesameequation(2) maybewrittenin theform of equation(3) as

a¢ GEY G aeb, (3)

Where6 ™0 p QO (4)

Thus,fromEq(3) whena &€ &Y is plottedasafunctionof 1/T,theslopegivesthevalue
of barrierheight%. s s Ideally, the slopevalueobtaineds further
plottedagainsthevalueof potentialappliedo getthey-intercepi.e.in thelimit of zerobiag®
30, However,we haveobservedhattheslopeis practicallyindependentf bias(SeeFigure S2
in supplementarynformation)i.e.thebarrieris sufficientlyhighandthechangen barrierwith
applicatiorof electricfield is minimal. Thisis alsoevidentfrom thethreeordersof magnitude

lower currentin comparisono thatof the ohmiccontactformedwithoutHEA nanoparticles.

Thus the barrierheight,%ovalueobtainedfrom Figure4(d) are0.195and0.35eVs for bare

MoS,; andHEA decoratedoS;, respectivelyConsideringhe work functionof gold, 5.1 eV,
the work function valuesdeducéd for bareand HEA decoratedVoS; are4.9 and4.75 eV

respectivelyThesevaluesarein goodagreementith thoseobtainedusingUPSmeasurements
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andKP measurementdhis impliesthat upondecoratiorwith HEA nanoparticleshe work

functionof MoS; hasdecreasedsalreadyseerfrom Figure3(d).

The gassensingresponsef the deviceswas studiedusing two probeson the exposureof
variousconcentrationsf hydrogergasatdifferenttemperaturesnthesurfaceof MOS;+HEA
asshownin Figurel(a). As canbe seenfrom Figure5(a),the bareMoS, without HEA NPs
showsfairly low responseo 1000 ppm hydrogengas at room temperaturgi.e. 30 °C).
Nonethelessthe HEA: MoS, showsa nearly 10 fold increasan the sensoresponsavhen
heatedto moderatetemperaturesike 50-80 °C. The bare MoS; shows consistentlylow
responseat all temperaturewhile, the HEA: MoS, sensoresponsshowsa maximaat 80°C
and drops when heatedbeyond. Further, when the responses studiedtowards various
concentration®f hydrogenat various temperaturesit is found to obey power law of
semiconductogassensorgequatiorb)3?, asshownin Figure5(b).

Y 00 (5)

Here thisequatiorcanbededucedrom FruedlichadsorptionsothermwhereinA isaprefactor
governingthe adsorptiorkineticsandn is the exponentvhich depend®n surfacecoveragé’.

Moreover,the HEA NPs when decoratedover MoS; not only enhanceresponsebut also
showedimprovedresponsedime and recoverytimes. For instance,the comparisonof the
responsandrecoverytimefor pristineMoS, andHEA:MoS; is shownin Figure5(c). Here,
the responseand recoverytimes are calculat@ as time requiredto reachthe 90% of the
saturationvalue and 90% underthe saturatiorvaluerespectivelylt may be observedirom

Figure 4(c) that the sensorsf pristineMoS, and HEA:MoS, take 10 min and 15 min as

responséimewhile 7 minand16 min as recoverytimesrespectively.

The Fasteresponsenaybedueto catalyticactivity of theHEA NPswhichhelpsin improving

thenumberaswell asrateof the surfaceadsorptiorof thetargetgasmoleculesFor practical
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applicationst is idealthatthe sensorespondsndrecovergasterasshownin Figure5(d) for
variousconcentration®f hydrogen.Theseobtainedtime constantswvith high responseare

muchsmallerthanthosereportedo dateto thebestof our knowledgé®:2°,

Tablel showsthecomparisorf theresponsef MoS,-HEA deviceto thatof otherMoS, and
noble metaldecoratedMoS; devicesreportedn the literature Although the temperaturef
operatiorof theMoS,-HEA deviceislittle higherthanroomtemperaturet showsavastrange
of concentréion detectionlimit, i.e., from few ppmto 0.5% H, in the air with respectable
sensitivitydown to ppm level asseenfrom Figure5. This could be of practicalrelevanceo
leakdetectiorandmonitoringambientievelsfor safetyetc.

Tablel. Thecompariso of theresponsef MoS,-HEA deviceto thatof otherMoS; andnoble

metaldecoratedMoS,; deviceseportedn theliterature.

Sample  Operating Gas Selecti Range Response Respons Recov Reference
compositi  Temperat vity eTime ery
on ure (sec) Time
(sec)
MoS, + 80 H> Yes 205000 &R/ Ra* 1 600s 420s  Thiswork
High 32%
entropy @1000ppm
Alloys
Graphene/ 150 NH NO 10-1000 5% @100 5 40 29
MoS, 2 ppm
Heterostr NO NO 0-100 7% @ 5ppm 5 40 29
ucture 2
MoS, 60 NO YES 1-5 &R/ Ra*1 16 172 30
Nnaowire 2 18%@5ppm
network
MoS,/ RT NO YES 0.5-10 &R/ Ra*1 600 100 81
SnG, 2 28%@10ppm
MoS, with RT NH No 1-70 38%@ 70ppm No No 32
Pt 3 NH3 & saturatio recove
nanoparti nin 600 ryin
cles sec 600s
H2S 10-70 11%@ 70ppm
H2S
MoS, with RT Hz No 50-10000 35%@10000 2000 1500 33
Pd data ppmH2
nanoparti
cles
MoS, RT Ho No 10-500  36.5%at100 10 6 34
Nanosheet data ppm
S
Pd-SnO,- RT H. Moder 30-5000 15%at5000 10 20 35
MoS, ate ppm
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Hydrogenis areducinggas,i.e., it donatesanelectronwhenit surfaceadsorbsThis electron
whenreceivedn ann-typesemiconductotgadsto anincreasen its carrierconcentratiomnd
henceresistancerops.While in p-typesemiconductorst recombinesvith someof theholes
and thus decreaseshe carrier concentrationand henceresistancancreasesThe rise in
resistancebservedn this study denotesthat the observedoehaviouris that of the p-type
semiconductqrandthis p-type behavioumwasattributedo the surfaceoxygenadsorptioron
Mo$; flakes.Further thetype of carriersis alsoconfirmedby hall measurement3helower
work functionimpliesthat the fermi level (zero binding energyline) movingcloserto the
conductionband (awayfrom valanceband),which will makethe barrierheightmorefor n-
type material Onthe otherhand thefermilevel movingcloserto the valancebandwill make

thebarrierheighthigherfor p-typesemiconductas.

High entropy alloys are solid solutionsof five metal atoms which are otherwisehighly
catalyticallyactivematerialsWhenevesuchcatalyticallyactivemetalatons areattachedo
semiconductomgas sensormaterial,it is known to enhancethe sensorresponseby two
mechanismg,e., controllingthefermilevelandspill overmechanismTheFermilevelcontrol
resultdueto changesn electronidransporasaresut of theformationof a depletiorregion,
while the spill over refersto the catalyticeffectof theseparticles®. The spill over modelis
describedsenhance@dsorptiorof gaseouspecie®n metalsandself-transportatioof these
specieson to the supportingsensomateriaf’. Here,the supportmaterialdoesbenefitfrom
additionalgas speciesadsorption which it doesnot achieveotherwise.The noble metal
elemens, particularly Pd®® and alloys of noble metals enhancethe surfaceadsorptionfor
hydrogendueto suchdissociativeadsorptiorof hydrogenatoms®4! followed by transferof

adsorledgasmoleculesatomsto the supportmaterialsi.e. Mo$; in thiscase. This transfer

13



furtherresultsin improvedchargetransferandhencebettercatalysisor sensoresponseOn
the otherhand,asseenfrom Figure4, the electronidevelsof the semionductorareaffected
upondecorationwith metalnanoparticlesAt the junctionof metalandsemiconductorthere
existsa barrierdue to chargetransfer.Metals being strongdonorsof electronstheseare
pumpednto the semiconductoRarticularlyin case of p-typesemiconductorsheseslectrons
recombinewith someof the holes which are majority chargecarriersand henceresultin
restorationof Fermi level towards the intrinsic limit. This increasesthe resistanceof
semiconducta,asseenn Figure4. Furtherthe formationof nanoscaldarriersat the HEA
alloyandMo$; junctionsis beneficialfor thesensingsit produceslargechangen resistance

whenthereis a smallchangen carrierconcentratiomf MoS, dueto hydrogerchemisorption.

Thus,thesynergistieffectof all five metalspeciedeadsto a giantten-fold increasen sensor
responsef-urther thekineticsof surfaceadsorptiordecideshesensoresponséimetakenfor
saturatiorandrecovery Here,the strongaffinity of HEA NPstowardshydrogenresultsinto
the fasterresponsaswell asrecoveryof the sensorsignalat muchlower temperaturethan
thosereportedn theliteraturesofar®®. Moreover thesurfaceof MoS; whichisrichin oxygen
speciesfterdecoratingvith HEA, furtherenhanceshe abundanceof activesitesfor surface

adsorptiorandmakingit moresensitive.

Theresponsef MoS,+HEA wasstudiedor variousgasesike Hz, NO,, NH; andV O C 8ugh
asacetoneandethanoffor 5000ppmat 80 °C. The responsef the materialwasfoundto be
lessthan5% for gaseotherthanH, andnearly40%for H, within 10%errorbar,asshownin
Figure6(a).Thisdemonstratetheselectivityof thesensoto H, at80°C. Furtherthestability
of responsavasstudiedby measuringhe responsdor the sameconcentratiorof gas(5000
ppm) at the sametemperatur®ver a periodof time. As seenin Figure6(b), theresponses
fairly stableover a periodof a week at least.The sameresponsavas observedwith 10%

variancefor differentsamplepreparecandmeasure@venafterabout4 months.
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Theresponsef the materialwasalsostudiedby varyingthe RelativeHumidity (RH) from O-
80%at 80 °C for 5000 ppmof H,. The responseavasalmostunaffectecdvera largerange of
0-60% RH, asshownin FigureS3in supportingnformation.Subsequentlyheresponseavas
foundto decreasevith furtherincreasan the humidity. Moreover the responset high RH
levelsis fairly slowercomparedo thatof dry air (0% RH) levels.This couldbedueto surface
passivationi.e., accumulatiorof water vapourson the surfaceof the sensor.This can be
overcomeby increasingthe operatingtemperaturéo more than 80 °C preventingfrom

condensationf watervapoursaswell asits surfaceadsorption.

To gain atomisticinsightsinto the enhancedjas sensingat the MoS,-HEA system density
functionaltheory(DFT) calculationsvereperformed.The optimizedatticeparametesof 2D
MoS; andpristinePt werefoundto be:a=b = 3.19A, anda=b = ¢ =3.96A, in excellent
agreementwith previousreport$?. The AgAuCuPdPtalloy (HEA) special quasirandom
structurg SQS)wasgeneratedrom 5x2x1supercelbf Pt (111)surfacaisingthefimcqs code
employedn Alloy TheoreticAutomatedroolkit (ATAT) 43. TheATAT codeemploysaMonte
Carlo simulatedannealingmethodusing an objectivefunction that perfectly matchesthe
maximumnumberof correlationfunctions'®. The SQSgeneratedn sucha way mimicsthe
thermodynamiandelectronigropertie®f truestructure$o areasonablextent,ashasbeen
shownin theearlierreport$#4°. The unit cell of the SQS(HEA) contained0 atomswith the
Pt, Pd, Ag, Au, and Cu atomscomprising20% eachof the total composition.The 9x4x1
supercelbf MoS, was matchedwith thisunit cell of HEA, resultingin alatticemismatchof

2.4%.
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To checkthethermalynamicstabilityof theMoS;-HEA compositesystemjnterfacebinding

energywascalculatedaccordingo theexpressioff:
Q@ O ey 008 Dex Ooosdo (@

WhereQ; £Y 008D £ and Qg gare the total energienf MoS,-HEA compositeMoS;,

andHEA, ando istheareaof theunitcell (TableS2).Thevaluefor Q; wasfoundto be-74.02
meV/A2, indicatingits high stability, in agreementwith the experimentsThis is further
corroboratedy the chargedensitydifference(” ) plot shownin Figure7(a), which was

calculatedusing:
o000 o £Y "00b " €Y "008 — (2

Where” . £y 008 B o~ and” ., ;arechargedensitieof the MoS;-HEA compositeMoS,,
andHEA, respectivelyA significantchargeransfers observedttheinterfaceof MoS,; and
HEA, which indicatedargeinteractiorbetweerthetwo layersandhencethe high stabilityof
the compositeTo analyzethe behaviourof bondingin the composite glectronlocalization
function(ELF) wascalculated’. The covalentELF > 0.5) andmetallicbonding(ELF < 0.5)
natureof MoS, and HEA layers,respectivelyareretainedafterformationof the composite
(Figure7(b),andFigureS5). However,theredregiondocalizedat S atoms(correspondingo
theirlone pairs)at the interfaceof MoS, andHEA arenonuniform,i.e., its intensityis low

whereatomsof HEA arecloserto MoS,. It againsignifiesan appreciablénteractionstrength

betweerthetwo layers.

Next, in orderto explainthe experimentatrendsobservedor responsdime, H adsorption

energycalculationsvereperformedaccordingo the expressiomgivenbelow:

O O:6Qiaio {)1'98: b (o] (3
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whereQ, ¢,dQ, i i ,0ag|§1g'@Qare the total energiesof H adsorbedsystem,pristine (bare)
system, and isolated H, gas molecule, respectively (Table S2). The values for
Ogcorrespondingo MoS, andMoS,-HEA composités shownin Figure7, whereit canbe
seenthatOgz on MoS;-HEA compositeis exothermicwhile that on MoS; is endothermic.
Therefore,H will tendto adsorbfasteron MoS,-HEA compositecomparedo thaton bare
Mo$S,, henceheresponséimewill belowerfor theMoS,-HEA compositeasis alsoobserved

experimentally.
Conclusion

To summariseywe have proposeda facile methodto decorateunctionalized2-D materials.
Furtherwe haveinvestigatedts effectongassensingropertiedy comparingvith bareMoS,

thataccountdor unusualp-typeconduction.The chemicalcompositionabnalysigXPS) has
beencarriedout to accountfor the unusualp-type conductionin Mo$,. It is evidentthatboth
bareMoS, andfunctionalizedVioS, canbe operatedat lower temperaturs,unlike MOS gas
sensorsThe calculatedraluesof Ex+ from DFT for MoS; andfunctionalizedVioS; arein good
agreemenwith the experimentand prove thatthe HEA-functionalizedMoS; is effectivein

achievinghigher sensitivity than bare MoS; with the comparativelylower responseand
recoverytimes.Moreoverthe MoS, +HEA showsexcellentselectivityto hydrogengas.The
non-ohmicnatureof contactbetweergold andHEA decoratedoS, revealghe potentialfor

enhancemenh MoS; gassensingoroperties.
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Figure 1 (a) Schematicsf deviceusedor sensingonsistinghematerialsarchitecturéd MoS-
decorateavith HEA (Ag-Au-Cu-Pd-Pt)alloy nanoparticlegb) Ramarspectrunof MoS; with
andwithoutHEA (Ag-Au-Cu-Pd-Pt) (c) X-ray diffractionpatternof theHEA decoratedMoS2
(d) absorbancspectraof MoS, , HEA NPsandHEA-NPs decoratedoS,.
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Figure 2: (a) TEM Bright field imageof MoS, sheet(b) SAED patternof MoS, sheet (c)
TEM Bright field imageof MoS; sheetdecoratedvith HEA NPs (d) correspondinglectron
ring diffractionpatterne) HRTEM imageof HEA (Ag-Au-Cu-Pd-Pt)on MoS; sheet(f) FFT
filtered HRTEM imageof HEA NPs (g) EDAX patterninset shows single nanoparticles

HAADF image(h) elementamapphngof HEA NPs.
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Figure 3. The X-ray photoelectrospectraof (a) Mo 3d- S 2s,(b) S 2p, (c) O 1scorelevels

and(d) UV photoelectrospectraof MoS, andMoS,-HEA.
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Figure 4: Thecurrentvoltage(l-V) characteristicef devicedabricatedising(a) only MoS;
and(b) HEA NPsdecoratedoS; asafunctionof temperaturgc) the comparisorof
linearityandcurrentof bothdevicesat 30 OC. (d) theArrheniusplot of In (1/T?) vs 1000/T

for boththesamples.
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Figure 5: Thecomparisorof sensoresponsenly MoS; andHEA NPsdecoratedoS; with
(a) temperatureand (b) hydrogengasconcentrationThe lines show power law fit. (c) The
comparisorf responséimeandrecoverytimesfor 5000ppmH; gasat 100°C. (d) Thetypical
respons®f HEA NPsdecoratedMo$S; at 80°C for variousconcentrations.
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