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Abstract:Thoughwaterelectrolysisiseffectiveingeneratinghigh-qualityhydrogengas,itrequireseffectiveelec-
trocatalystsforhydrogenevolutionreaction(HER).CoS2havebeenconsideredasapromisingHERelectrocata-
lystbecauseofitshighctalyticactivity.However,thekeylimitationforCoS2nanomaterialasHERelectrocatalyst
isitspoorstability,whichmaybeduetothestructuralbreakdownofCoS2nanostructureortheevolutionofSdur-
ingH2evolutioninacidmedia.Coatingporouscarbonthinlayerforprotectionfromstructuralbreakdownandevo-
lutionofSisagoodwaytoimprovecatalyticstability.Inaddition,coatingcarbonlayercanchangeelectronic
structureofCoS2forthemoderatedhydrogenadsorptionenergy,leadingtoenhancedcatalyticactivity.Here,

CoS2yolk-shellspherescoatedwithcarbonthinlayersexhibitsuperiorcatalyticperformanceforHERwithlow
overpotential,smallTafelslope,andexcellentstability.
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0 Introduction

Hydrogenasasustainable,secure,cleanand
alternativeenergysourcecaneasetheenergycri-
sisandenvironmentpollutionfacedinthepresent
world[1-2].Electrochemicalwatersplittingiscon-
sideredasahighlyeffectivemethodtoproduce
hydrogen[3].However,itneedselectrocatalysts
toreduceoverpotentialduetolowkineticsofwa-
tersplitting.Ptisatpresentthemostactivecata-
lyst for the hydrogen evolution reaction
(HER)[4-5].However,itsscarcityontheearth
andhighcostgreatlyrestricttheindustrialpro-
ductionofhydrogen.Therefore,itisnecessary
andurgenttofindcost-effectiveandearth-abun-
dantcatalystswithhigh HERcatalyticactivity
andexcellentstabilitytofacilitatetranslationof
H2Otohydrogen.

Transitionmetaldichalcogenideswithgener-

alizedformulaofMX2(Mreferstotransitionmet-
al;XrepresentsachalcogensuchasSandSe)

havereceivedincreasinginterestsduetotheirlow
costand high abundance[6-10].Among them,

MoS2hasbeenconsideredasapromisingcandi-
datebecauseofitshighactivityandstability[11-14].
However,theexperimentalandcomputational
studieshaveconcludedthatthecatalyticactivity
mainlyarisesfromtheactivesiteslocatedalong
theedgesof2-DMoS2layerswhichareunder-co-
ordinated and thermodynamically unfavorable,

andthebasalplanesarecatalyticallyinert[15-17].
Althoughvariousmethodshavebeenadaptedto
exposemoreedgesitesorenhancetheintrinsic
activityoftheedgesites,theenhancementof
HERelectrocatalyticperformanceofMoS2still
facesenormouschallenges[18-20].Anothertransi-
tionmetaldichalcogenidesCoS2,whichwasoften
utilizedaselectrodematerialsforsupercapactiors,



Li-ionbatteriesorelectrocatalystsforoxygenre-
ductionreaction(ORR)[21-26],alsohasshownex-
cellentHERelectrocatalyticactivity,evenhigher
thanMoS2.Inaddition,CoS2,whichisanin-
triscallyconductivemetalincontrasttotheother
MX2suchasFeS2[27]andNiS2[28],canimprove
theelectrontransportationfromcatalystsurface
totheelectrode,thuswillreducetheoverpoten-
tialneededtoovercometheenergybarriersand
decreasetheenergyconsumption.What’smore,

CoS2canexhibithighHERactivityafterconver-
sionfrom thermodynamicallyfavoredsemicon-
ductingphasetoametastablemetallicpolymorph
comparedwihothertransitionmetaldichalcogeni-
deis,suchasMoS2andWS2[29-32].However,the
keylimitationforCoS2asHERelectrocatalystis
poorstabilityinacidmedia,whichmaybedueto
thestructuralbreakdownofCoS2nanostructure
ortheevolutionofSduringH2evolution[24,33-37].
ThepoorstabilityofCoS2materialshasseriously
restrictedtheirpracticalapplicationsashigh-per-
formanceHERelectrocatalysts.Therefore,itis
significanttodevelopCoS2-basedelectrocatalysts
withexcellentstabilityaswellashighcatalytic
activity.

Toimprovetheelectrocatalyticactivityand
stabilityofCoS2forHER,carbonthinlayercoat-
ingwillbeapromisingmethodbecauseoffollow-
ingadvantages:(1)thecarbonthinlayercanwell
preventCoS2fromstructuralbreakdownandthe
evolutionofS;(2)theelectronicinteractionbe-
tweenCoS2andthincarbonlayerwillchangethe
electronicstructureofCoS2,whichwillbebenefi-
cialfortheimprovementofelectrocatalyticactivi-
ty;(3)Thecarbonlayerwillprovide “super-
highways”forelectrontransfertopromoteHER

duetoitshighelectricalconductivity.Basedon
theaboveconsiderations,wedevoteourattention
todesigningandsynthesizingthenovelCoS2yolk-
shell(YS)spherescoatedwithcarbonthinlayers
(CoS2YS@Cspheres)ashighlyefficientHER
electrocatalystsbyasimplehydrothermalmeth-
od.TheCoS2YS@Cspheresownhollowstruc-
tureandhighspecificsurfacearea,andtheyex-
hibitexcellentcatalyticactivitywithlowonset
potentialofonlyabout20mV,smallTafelslope
ofabout55mV/dec,andsmalloverpotentialof
about90mVat10mA/cm2inacidicsolution.
Especially,CoS2YS@Cspheresalsoexhibitex-
cellentstabilityat10 mA/cm2for10h.This
workprovidesanewrevenueforthedevelopment
ofCoS2-basedelectrocatalystswithhighcatalytic
activityandexcellentstabilityforHER.

1 ResultsandDiscussion

  Fig.1showstheschematicillustrationofthe
fabricationofCoS2YS@Cspheres.SEMimages
ofCoS2YSspheresareshowninFigs.2(a)and
(b),whichclearlyshowsthatthediametersof
CoS2YSspheresareabout2μmandthesurfaces
ofCoS2YSspheresareroughand madeupof
manysmallspheres.FromthebrokenCoS2 YS
spheres,theYSstructuresareclearlyseenas
showninFig.2(b),andtheshellthicknessis
about200nm.ThisuniquehollowandYSstruc-
turesofCoS2willprovidelargesurfaceareas,and
theywillbebeneficialforthetransportationsof
reactantandresultantandtheenhancementofac-
tivesites.ThenCoS2YSspherescoatedwithcar-
bonthinlayers(CoS2 YS@Cspheres)werea-
chievedviahydrothermaltreatmentofCoS2 YS
spheresinglucosesolutionfor2h.SEMimageof

Fig.1 SchematicoffabricationofCoS2YS@Cspheres
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Fig.2 SEMimageofCoS2YSspheres,SEMimageofbrokenCoS2YSspheres,SEMandTEMimagesofCoS2YS@C

spheres,HRTEMimageofArea①inFig.2(d)ofCoS2 YS@Csphere,FFTpatternmeasuredinArea①in

Fig.2(d),andFFTpatternmeasuredinArea②inFig.2(d)

CoS2YS@CspheresinFig.2(c)showscarbon
layersareunifromlycoatedonthesurfacesof
CoS2YSspheres.ComparedwiththoseofCoS2
YSspheres,thesurfacesofCoS2YS@Cspheres
becomesmootherbecauseofthecoatingofcarbon
layer.Toinvestigatethethicknessofcarbonlay-
er,HRTEMimageoftheedgelayerofCoS2YS
@Cismeasured(Fig.2(d)),whichshowsthat
thecarbonlayerisuniform withthicknessof
about10nm.Fig.2(e)showsthattheinnerCoS2
ownsclearlatticefringesofabout0.226nm,

whichcorrespondsto(200)planeofCoS2,and
fastFouriertransform (FFT)partterninFig.2(f)

indicatesthesinglecrystalstructureofCoS2.The
carbonlayerisamorphousstructurewithoutlat-
ticefringe,andFFTpartterninFig.2(g)con-
firmstheamorphousstructureofcarbonthinlay-
er.XRDpatternofCoS2 YS@Cisshownin
Fig.3(a),whichshowsthatallthediffraction

peaksareattributedtothestandardcubicphaseof
CoS2(PDF65-3322)andnodiffractionpeakof
carbonisseen,furtherlyconfirmingthecrystal-
linestructureofCoS2andamorphousstructureof
carbonlayer.Herethethicknessofcarbonlayer
ofCoS2 YS@Cspherecanbewellcontrolled.
WhenthehydrothermaltreatmenttimeofCoS2
YSspheresinglucosesolutionis3h,thesurface
ofCoS2YS@Csphereisalsouniformandthecar-
bonlayerisabout15nm.Whenthehydrother-
maltreatmenttimeofCoS2YSspheresinglucose
solutionis1h,theunifromcarbonlayerisabout
6nm.Inordertoinvestigatetheeffectofcarbon
layerontheelectronicstructureofCoS2,XPS
measurementsof CoS2 YS spheresand CoS2
YS@Csphereswereperformed.InCo2pregion
(Fig.3(b)),thepeaksofCo2p1/2and2p3/2of
CoS2YS@Cspheresat793.9and778.8eVboth
shifttolowerbindingenergycomparedwiththose
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ofCo2p1/2andCo2p3/2ofCoS2 YSspheresat
795.0and779.9eV,respectively,andtheneget-
iveshiftsareabout1.1eV.InS2pregion(Fig.3
(c)),thepeaksofS2p1/2and2p3/2ofCoS2YS@
Cspheresat163.14and164.24eVbothshiftto
higherbindingenergycomparedwiththoseofS
2p1/2andS2p3/2ofCoS2YSspheresat162.70and
163.80eV,respectively,andthepositiveshifts
areabout0.44eV.ThenegativeshiftsofCo2p
peaksandpositiveshiftsofS2ppeakswellcon-
firmthechangeofelectronicstructureofCoS2be-
causeofthestrongelectronicinteractionbetween
CoS2andcarbonlayers.XPSspectrumofC1sof
carbonlayersisshowninFig.3(d),anditcanbe
deconvolutedintothreepeaksat284.8,285.9
and288.9eV,whichcorrespondtothebondsof
C—C,C—O—Cand O— —C C,respectively.
TheexistencesofC—OandO— —C Cbondsin
carbonlayerswillmakeCoS2 YS@Cspheres
morehydrophilic,whichisbeneficialfortheab-
sorptionofH2OforHER[38].Inaddition,Raman
measurementswereusedtoinvestigatetheeffect
ofcarbonlayerontheelectronicstructureof
CoS2,andRamanspectraofCoS2andCoS2YS@

CspheresareshowninFig.3(c).Thepeaksat
293.5and398.6cm-1areobservedforCoS2,

whichcorrespondtothepurelibrationalmodeof
dumb-bells(Eg)andin-phasestretchingvibra-
tionsofSatominthedumb-bells(Ag),respec-
tively[39],andtheyareinagreementwiththedata
ofCoS2singlecrystal[21,40].However,forCoS2
YS@C,thereareabout6cm-1negativeshiftsof
EgandAgpeaks(287.5and392.6cm-1)com-
paredwiththoseofCoS2YSspheres,asshownin
Fig.3(e),furtherconfirmingthechangeofelec-
tronicstructureofCoS2becauseofthestrongelec-
tronicinteractionbetweenCoS2andcarbonlay-
ers.TodeterminethecontentofCinCoS2YS@
Csphere,TGAmeasurementsofCoS2andCoS2
YS@Csphereswerestudiedintheairandthere-
sultsareshowninFig.3(f).Compared with
CoS2,thereisslowdecreaseamongthetempera-
tureof100—400°CforCoS2YS@C,whichcor-
respondstotheloseofcarboninthesample.The
compositionsofCand CoS2in CoS2 YS@C
spheresaredeterminedtobeabout6%and94%
inweight,respectively.
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Fig.3 XRDpatternofCoS2YS@Cspheres,XPSspectraofCo2pregionofCoS2YSandCoS2YS@Cspheres,XPS

spectraofS2pregionofCoS2YSandCoS2YS@Cspheres,XPSspectraofC1sregionofCoS2YS@Cspheres,

RamanspectraofCoS2YSandCoS2YS@Cspheres,andTGAcurvesofCoS2YSandCoS2YS@Cspheres

  TheelectrocatalyticactivitiesofCoS2YS@C
sphereswithdifferentcarbonlayerthicknessare
studiedbylinearsweepvoltammetry (LSV)in
0.5MH2SO4solutionat2mV/s.Whenthecar-
bonlayerthicknessis10nm,theelectrocatalytic
activityofCoS2YS@Cspheresreachesthehigh-
estlevel(thecarbonlayerthicknessofCoS2YS@
Csphereswaskepttobe10nminallthefollow-
ingexperiments).Theelectrocatalyticactivities
ofCoS2YS@Cspheres,CoS2YSspheresandcar-
bonwiththesameloadings(1.02mg/cm2)were
comparedandtheirpolarizationcurvesareshown
inFig.4(a).Obviously,theHERcatalyticactivi-
tyofCoS2 YS@Cismuchbetterthanthatof
CoS2YSspheresandthecarbonalmosthasno
catalyticactivity.TheonsetpotentialofCoS2YS
@Cisabout20mV,whichismuchlowerthan
thoseofCoS2YSspheres(85mV),asshownin
Fig.4(b).TheoverpotentialofCoS2 YS@Cat
10mA/cm2is89.3mV,whichismuchsmaller
than184.2mVofCoS2YSspheres.Inaddition,

thecurrentdensityofCoS2YS@Catagivenpo-
tentialis muchhigherthanthatofCoS2 YS
spheres,asshowninFig.4(b).Forinstance,

whentheoverpotentialis200 mV,thecurrent
density of CoS2 YS @ C spheres is about
81.23mA/cm2,whichisabout6.5timeshigher
thanthatofCoS2 YSspeheres,asshownin
Fig.4(c),suggestingtheimportantroleofcarbon
thinlayerfortheenhancementofelectrocatalytic

activityofCoS2YS@Cspeheres.
ThelinearportionsofTafelplotswerefitto

Tafelequation(η=a+blogj,wherejiscurrent
density,bisTafelslope),yieldingTafelslopeof
about55mV/decforCoS2YS@Cspheres(Fig.4
(d)),whichismuchlowerthanthatofCoS2(77
mV/dec).TheTafelslopeof55 mV/decfor
CoS2YS@CindicatesVolmerreactionhasbeen
takenplace[41-42],andtheprocesstoconvertthe
protonsintoabsorbedhydrogenatomsonCoS2YS
@Csurfacesbecomesrate-determiningstepdur-
ingHER.Theexchangecurrentdensity(j0)of
thecatalystcanbecalculatedbyextrapolatingthe
Tafelplot.Asexpected,j0ofCoS2 YS@C
spheresis0.265mA/cm2(Fig.5(a)),whichis
muchlargerthanthatofCoS2(0.062mA/cm2).
Therefore,theCoS2YS@Cspheresexhibitout-
standingHERactivitywithlowonsetpotential,

highcurrentdensity,low Tafelslopeandhigh
exchangecurrentdensity,whicharesuperiorto
mostoftheCoS2-basedelectrocatalyststhathave
beeneverreportedintheacidicelectrolyte.

Inordertofurtherprovidetheinsightto
CoS2YS@Csphereelectrocatalysts,theelectro-
chemicalactivesurfacearea(ECSA)andelectro-
chemicalimpedancespectroscopy(EIS)measure-
mentswereperformed.Thoughitisdifficultto
obtaintheaccuratevalueofECSAowingtothe
unclearcapacitivebehavior,itcanbevisualized
bydoublelayercapacitance(Cdl),whichispro-
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portionaltotheelectrochemicalsurfacearea.The
calculationofCdlbycyclevoltammograms(CVs)

in0.5M H2SO4isusedtomakecomparisonof
ECSA.TheCdlofCoS2YS@Cspheresiscaculat-
edtobe13.13mF/cm2 (Figs.5(b)and (c)),

whichis muchlargerthanthatof CoS2 YS
spheres(6.56mF/cm2),indicatingthatCoS2YS
@CspheresownmuchlargerECSAthanCoS2
YSspheres.NyquistplotsofCoS2andCoS2YS@
CspheresareshowninFig.5(d).Thesemicircle
inthehighfrequencyregionisattributedtothe
chargetransferresistance(Rct),whichisrelated
totheelectrocatalytickinetics,andalowvalueof
semicircleis consistent with a fast reaction
rate[43].From Fig.5(d),itisclearlyseenthat
CoS2YS@CsphereshavemuchlowerRctthan
CoS2YSspheres,indicatingmuchfasterreaction
rateforCoS2YS@Cspheres.

HERelectrocatalyticactivityofCoS2YS@C
spheresissignificantlybetterthanthoseofCoS2

andotherCoS2-basedelectrocatalystsreportedin
thelitertatures.Theenhancementofthecatalytic
activityofCoS2YS@Cspherescanbeascribedto
therapidchargetransferbasedonanalysesofEIS
resultsandthelargeECSAwithmoreexposedac-
tivesites.Actuallythebettercatalyticactivityof
CoS2YS@CspheresaselectrocatalystsforHER
isalsoduetothenaturalpropertiesofCoS2YS@
Cspheres.Asweallknow,HERactivityis
stronglycorrelatedwiththechemisorptionenergy
ofatomichydrogentotheelectrocatalystsurface,

andthehydrogenbindingenergyforanexcellent
HERelectrocatalystshouldbeneithertoohigh
nortoolow[44-45].Thepositivehydrogenbinding
energyonCoS2indicatesaweakadsorptionofH
onCoS2surface[45],whichwillbeunfavourableto
thereductionofH+(i.e.,Volmerstep).Thus,

anoptimizationoftheelectronicfeaturesisde-
sired.Itisnotablethatthesurroundingelements
haveanimportanteffectontheelectrondensity

Fig.4 IR-correctedpolarizationcurvesofCoS2YSspheres,CoS2YS@Cspheres,andCin0.5M H2SO4at2mV/s;

comparisonsoftheonsetoverpotentialsofCoS2YSandCoS2YS@Cspheres;comparisonsofHERcurrentdensi-
tiesofCoS2YSandCoS2YS@Cspheresattheoverpotentialof200mV;andTafelplotsofCoS2YSandCoS2
YS@Cspheres
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Fig.5 ComparisonsofexchangecurrentdensitiesofCoS2YSandCoS2YS@Cspheres,cyclicvoltammogramsofCoS2
@Cspheresatvariousscanrates,capacitivecurrentdensitiesat0.04VasafunctionofscanrateforCoS2YS

andCoS2YS@Cspheres,andnyquistplotsofCoS2YSandCoS2YS@Cspheres

aroundCoactivesites.Asweallknow,carbon
hasalowerelectronegativitycomparedwithS,so
theelectrondensityaroundCowillincreaseby
embeddingcarbonontothesurfaceofCoS2.This
phenomenonhasbeenwelldemonstratedbyXPS
andRamanresults.XPSbindingenergyofCo2p
ofCoS2YS@Cspheresobviouslydecreasescom-
paredwiththatofCoS2,asshowninFig.3(b),

indicatingthatthevalenceofCoinCoS2YS@C
shperesisbelow+2andtheelectronicdensityof
Cowillincrease.Inaddition,EgandAgpeaksof
CoS2YS@CspheresshiftingtolowRamanshift
comparedwiththatofCoS2YSspheresalsocon-
firmsthestrongelectronicinteractionsbetween
CoS2 and carbon thin layer,as shown in
Fig.3(e).Therefore,theincreaseofelectronic
density of Co willconsequently enhancethe
strengthofhydrogenbindingenergytopromote
HadsadsorptionandthuswillimproveHERcata-

lyticactivityofCoS2YS@Cspheres.
Besidesthe HER electrocatalyticactivity,

thestabilityisalsooneimportantcriterionine-
valuatingtheperformanceofelectrocatalyst.The
long-termHERelectrocatalyticstabilitiesofCoS2
YSspheresandCoS2YS@Cspheresweretested
throughcontinuouselectrolysisat10mA/cm2in
0.5MH2SO4for10h.AsshowninFig.6(a),it
isclearlyseenthattheCoS2YS@Cspheresex-
hibithighdurabilitywithslightoverpotentialin-
creaseofabout32mVat10mA/cm2after10h,

whereasCoS2YSspheresexhibitverypoordura-
bilitywithobviousoverpotentialincreaseofabout
517mVafter8h.Tofurthergaininsightintothe
stabilityofelectrocatalysts,CoS2YSspheresand
CoS2YS@Cspheresafterstabilitytestswerefur-
therstudiedbySEMandXPS.Itisobservedthat
thesurfacemorphologyofCoS2 YS@Cstillre-
mainsverywellafterstabilitytests,asshownin
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Fig.6(b).However,forCoS2YSspheres,their
surface morphologyisseriouslydamagedafter
stabilitytests.Soherethecarbonthinlayerplays
averyimportantrolefortheprotectionfrom
structuralbreakdownofCoS2YS@Cspheres,as
illustratedinFig.6(e).XPScharacterizationwas
alsoperformedonCoS2andCoS2YS@Cspheres
afterstabilitytests.Itisclearlyseenthatthe
XPSpeaksofCo2pofCoS2 YS@Cspheresal-

mostremainunchangeablecomparedwiththose
ofCoS2YS@Cspheresbeforestablitytests,sug-
gestinghighchemicalstabilityofCoS2 YS@C
spheres.However,forCoS2YSspheres,besides
thepeaksat778.8and794.0eVofCo2p,two
largenewpeaksappearat783.1and799.9eV,as
showninFig.6(c),whichcanbeattributedto
otherformsofCobecauseoftheoxidationof
CoS2.Inaddition,forCoS2YSspheres,alarge

Fig.6 StabilitytestsofCoS2YSandCoS2YS@Cspheresat10mA/cm2,SEMimageofCoS2YS@Cspheresafter

HERtestfor10h,XPSspectraofCoS2YSandCoS2YS@CspheresinCo2pregionafterHERtestsfor10h,

XPSspectraofCoS2YSandCoS2YS@CspheresinS2pregionafterHERtestfor10h,andschematicofthead-
vantageofCoS2YS@Cspheresforlong-termHER
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peakappearsat169.2eVinS2pregion,as
showninFig.6(d),indicatingtheevolutionofS
fromCoS2.However,forCoS2YS@Cspheres,

theoxidationofCoS2ortheevolutionofSarenot
observedasshowninFigs.6(c)and(d).There
fore,aftercoatingcarbonthinlayers,CoS2YS@
Cspherescanefficientlypreventfromthestruc-
turalbreakdown,CoS2oxidationorSevolution,

whichallarebeneficialfortheimprovementsof
catalyticactivityandstability.

2 Conclusions

  CoS2YSspherescoatedwithcarbonthinlay-
ers(CoS2YS@Cspheres)weredesignedandfab-
ricatedashigh-performanceelectrocatalystsfor
HERinacidmedia.TheuniqueYSstructurepro-
videslargespaceforthereactantandresultant,

whichisbeneficialfortheimprovementofutiliza-
tionofactivesites.Thecarbonthinlayercoating
canefficentlychangetheelectronicstructureof
CoS2fortheappropriatehydrogenadsorptionen-
ergytopromotetheVolmerstepofHER,andit
alsocanprotectCoS2fromthestructuralbreak-
downandcanpreventtheevolutionofSfrom
CoS2fortheimprovementofelelctrocatalyticac-
tivityandstability.Becauseoftheaboveadvanta-
ges,CoS2YS@Cspheresexhibitsuperiorcatalyt-
icactivity withlow onsetpotentialofabout
20mV,smallTafelslopeofabout55mV/dec,

and small overpotential of about 90mV at
10mA/cm2.Especially,CoS2YS@Cspheresal-
soexhibithighdurabilitywithoverpotentialin-
creaseofonlyabout8%at10mA/cm2for10h.
Thisworkprovidesanewavenueforthedesignof
high-performanceelectrocatalyststhatareunsta-
bleduringthecatalysisprocess.
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ExperimentalSections
ThesynthesisofCoS2spheres

CoS2spheresweresynthesizedaccordingto
thepreviousstudyreportedbyLifangJiaoandher
collabora-tors.1Thedetailsarelistedasfollow-
ing:1.65mmolofCoCl26H2Owasdissolvedin
absoluteethanolandthenwastransferredintoa
40mLTeflon-linedstainlesssteelautoclave,then
4.1mmolofsulfurpowderwasaddedintoabove
solution.TheTeflon-linedstainlesssteelauto-
clavewassubsequentlystirredfor30min.The
sealedtankwasmaintainedat240oCfor24h.
Afterreactionwasover,theautoclavecooledto
theroomtemperaturenaturally.Theprecipitati-
onswerewashedbyethanolthreetimesandby
distilledwateronetimeand werecollectedby
centrifugation.Finally,CoS2 yolk-shell (YS)

sphereswereobtainedafterdryingat45oCfor12
h.
ThesynthesisofCoS2@Cspheres

ThesynthesizedCoS2 YSspheres(60mg)

wereaddedinto30ml0.05Mglucosesolution
andthenweretransferredintoa40mLTeflon-
linedstainlesssteelautoclaveandthesealedtank
wasmaintainedat180℃for2h.Afterreaction,

theautoclavecooledtotheroomtemperaturenat-
urally.Theprecipitationswerecollectedbycen-
trifugationandwashedbyethanolanddistilled
water,respectively. Finally, CoS2 YS @ C
sphereswereobtainedafterdryingat45℃for12
h.Forcomparisons,thedifferenthydrothermal
time,suchas1hand3h,wasalsousedforthe
fabricationofCoS2@Cwithdifferentthicknessof
carbonlayer.

Materialcharacterizations
Thescanningelectron microscope (SEM)

andtransitionelectronmicroscope(TEM)were
undertakenonFEIQuanta400andFEITecnai
G2F30.Energydispersivespectrum(EDS)map-
pingwasinvestigatedbyINCA300.X-raypow-
derdiffraction(XRD)analysiswasperformedon
BrukerD8diffractometerusingCuKαradiation.X-
rayphotoelectronspectroscopy(XPS)waspro-
cessedusinganESCALABX-rayphoto-electron
spectrometer.AllXPSspectrawerecorrectedu-
singtheC1slineat284.6eV,andcurvefitting
andbackgroundsubtractionwereaccomplished.
TheFouriertransformRaman(FT-Raman)spec-
trumwasachievedontheNicoletNXR9650.
Electrochemicaltests

CoS2@Celectrocatalystswereloadedonthe
glassycarbonelectrode(GCE,diameter:5mm)

fortestingin0.5M H2SO4usingthree-electrode
system.Saturatedcalomelelectrode(SCE)and
graphiterodwereusedasreferenceandcountere-
lectrodes,respectively.Typically,10 mgcata-
lystsand20μl5%Nafionsolutionweredispersed
in0.48mlethanolthrough30minultrasoundto
formhomogeneousink.Forthetests,10μlcata-
lystink wasloadedontothesurfaceofGCE
(loading1.02mg·cm-2).Allthepotentialsin
thispaperwerereferencedtoareversiblehydro-
genelectrode(RHE)byfollowingequation:

 E(RHE)=E(SCE)+0.241+0.059pH (1)

Before measurements,the solution was
purgedwithN2for10mintopipoutO2dissolved
inthesolution.HERelectrocatalyticactivityof
CoS2YS@Csphereswasstudiedbylinearsweep



voltammetry(LSV)atthescanrateof2mV·

s-1.Doublelayercapacitance(Cdl)wasmeasured
byCVsusingthesameworkingelectrodeatthe
potentialwindowof0.19—0.27VvsSCE.CVs
wereobtainedatdifferentscanratesof2,4,6,

8,10,20mV·s-1.Afterplottingchargingcur-
rentdensitydifference(Δj=ja-jcatthecurrent
densityof0.23V)vsthescanrates,theslope,

whichistwiceofCdl,isusedtorepresentESCA.
Thechronopotentio-metryat10mA·cm-2 was
mesuredtotestthestabilityofCoS2 YS@C
spheres.TheEISmeasurementswereconducted
atoverpotentialof0.24Vwiththefrequencyran-
gingfrom100kHzto0.1Hz.Forcomparisons,

bareC,CoS2andthephysicalmixtureofCoS2+
C(withthesameratioofCoS2andCasthatof
CoS2YS@Cspheres)werealsomixedwithNa-
fionsolutionandethanoltoform homogenous
ink,respectively,andtheywereloadedontothe
surfaceofGCEwiththesameloadingsof1.02
mg·cm-2.ThesametestsofC,CoS2andCoS2
+CasthoseofCoS2@Csphereswerealsomeas-
ured.

Fig.S1 (a)TEMimageofCoS2YSsphere;(d)HR-
TEMimageofCoS2sphere

Fig.S2 XRDpatternofCoS2spheres

Fig.S3 (a)SEMimagesofCoS2YS@Csphereswith

differentmagnifications;(c)TEMimageof
CoS2YS@Cspheresand(d)HRTEMimage

ofthewallofCoS2@Csphere

Fig.S4 TEMimageofthewallofCoS2YS@Csphere

withcarbonlayerthicknessof~6nm

Fig.S5 IR-correctedpolarizationofCoS2 YS@C-6

nm,CoS2YS@C-10nmandCoS2YS@C-15

nm
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Fig.S6 IR-correctedpolarizationofCoS2 YS@C

spheresandthephysicallymixtureofCoS2
+C

Fig.S7 TafelcurvesofCoS2YS@Cspheresandthe

physicallymixtureofCoS2+C

Fig.S8 Capacitivecurrentdensitiesat0.04Vasa
functionofscanrateforCoS2 YS@Cand

CoS2+C

Fig.S9 StabilitytestsofCoS2YS@CandCoS2+Cat

thecurrentdensityof10mA·cm-2

Fig.S10 NyquistplotsofCoS2YS@Candthephysi-
callymixtureofCoS2+C

Fig.S11 SEMimageofCoS2afterchronopotentiome-
trymesurement
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TableS1 ComparisonofHERelectrocatalyticactivityofhollowCoS2YS@Cspheresinacidconditionsvis-à-visotherreported
CoS2orCoS2-basedHERelectrocatalysts

Electrocatalysts
The

overpotentials
at10mA·cm-2/mV

Exchange
currentdensities/
(mA·cm-2)

Tafelslopes/
(mV·dec-1)

Loadings/
(mg·cm-2)

Electrolytes References

CoS2YS@C 90 0.265 55 1.02 0.5M H2SO4 Thiswork

CoS2films 190 0.00197 51.4 N.A. 0.5M H2SO4 2

CoS2 MWs 158 0.0188 58 25±2 0.5M H2SO4 2

CoS2NWs 145 0.0151 51.6 1.7±0.30.5M H2SO4 2

MoS2/CoS2/CC 87 N.A. 73.4 18.6 0.5M H2SO4 3

CoS2/CC 288 N.A. 210.7 16.5 0.5M H2SO4 3

Co(S0.73Se0.27)2NWs 104 N.A. 45.3 2.37 0.5M H2SO4 4

CoS2nanowires N.A. 47.1 2.24 0.5M H2SO4 4

CoS2/RGO-CNTs 142 N.A. 51 1.15 0.5M H2SO4 5

CoS2thinfilms 192 N.A. 52 N.A. 0.5M H2SO4 6

CoS2/RGOnanosheets 143 N.A. 285 N.A. 0.5M H2SO4 7

CoS2xSe2(1-x)NWs
arrays

129.5 N.A. 44 N.A. 0.5M H2SO4 8

CoS2NWs 253 0.47 68.7 N.A. 0.5M H2SO4 8
P-dopedCoS2
nanosheets 67 0.20 50 2.5±0.10.5M H2SO4 9

CoS2nanosheets 98 N.A. 58 2.0±0.10.5M H2SO4 9

N.A.representstheunknowndata
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