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Abstract:Three-dimensional(3D)carbonnetworkshavebeenexploredaspromisingcapacitivematerialsthanksto
theiruniquestructuralfeaturessuchaslargeion-accessiblesurfaceareaandinterconnectedporousnetworks,thus
enhancingbothionsandelectronstransport.Here,sustainablebacterialcellulose(BC)isusedbothprecursorand
templateforfacilesynthesisoffree-standingN,S-codoped3Dcarbonnetworks(a-NSC)bythepyrolysisandacti-
vationofpolyrhodaninecoatedBC.Thesynthesizeda-NSCshowshighlyconductiveinterconnectedporousnet-
works(24S·cm-1),largesurfacearea(1420m2·g-1)withhierarchicalmeso-microporosity,andhigh-level
heteroatomscodoping(N:3.1%inatom,S:3.2%inatom).Benefittingfromthese,a-NSCasbinder-freeelec-
trodeexhibitsanultrahighspecificcapacitanceof340F·g-1(24μF·cm-2)atthecurrentdensityof0.5A·g-1

in6MKOHelectrolyte,high-ratecapability(71%at20A·g-1)andexcellentcyclestability.Furthermore,the
assembledsymmetricalsupercapacitordisplaysamuchshorttimeconstantof0.35sin1MTEABF4/ANelectro-
lyte,obtainingamaximumenergydensityof32.1W·h·kg-1atpowerdensityof637W·kg-1.Theinsitu
multi-heteroatomsdopingenablesbiocellulose-derivedcarbonnetworkstoexploititsfullpotentialsinenergystor-
ageapplications,whichcanbeextendedtootherdimensionalcarbonnanostructures.
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0 Introduction

Electrochemical double-layer capacitors
(EDLCs),alsoknownassupercapacitors,store
electricalenergyattheelectrode/electrolyteinter-
facethroughreversibleionadsorption/desorp-
tion[1-3].Comparedwithrechargeablelithiumbat-
teries,EDLCsboasthigherpowerdensityand
longerlifespan[4].However,thelowenergyden-
sityisamajorbarrierforthepracticalapplica-
tions.Considerableeffortshavebeencommitted
todevelopinghigh-capacitanceelectrodematerials
orbroadeningthecellvoltagewithdifferentelec-

trolytesthatcanenhancetheenergydensitywith-
outsacrificingtheirexistingadvantages[5-7].Por-
ouscarbonsrepresentthemostattractiveclassof
EDLCselectrodematerialsowingtolargespecific
surfaceareas(SSA),highelectricalconductivity
and chemical stability[8-10]. The commercial
EDLCsare mainlyconstructedusingactivated
carbonelectrodes,butonlywithinferiorrateca-
pabilitybecauseofthesluggishion diffusion
withintortuous microporosity[11].Thus,engi-
neeringhierarchicalmeso-microporesstructureis
favorable.Themesoporessupplyfastion-diffu-
sion channels withimproved rate capability,



whilstmicroporescontributetoabundantactive
sitesforionadsorption[12-13].

Duringthelastdecades,manyeffortshave
beendevotedtodevelophigh-performanceporous
carbonsforEDLCs.Especially,thedesignand
preparationof3D carbon networksassembled
from nanofibersarehighlydesirableowingto
theirstructuraladvantagesasfollows:(I)inter-
connectedcontinuousnetworksfacilitatefastion/

electrontransportalong3Ddirectionsandensure
structure-bufferingspace;(II)1Dfiberstructure
possessesahighsurface-to-volumeratiotoin-
creasetheutilizationofSSAforchargeaccommo-
dation;and (III)nanosizedsubunitsguarantee
sufficientcontactareasbetweentheelectrolyte
andactivesites[14-16].Davidetal.proposedanef-
ficientstrategyforcarbonizationofelectrospun
ZIF-8@PANnanofiberstoprepare3Dcarbonnet-
works,exhibiting a specific capacitance of
307F·g-1at1A·g-1inH2SO4electrolyte[17].
Theinterconnectedgraphenefibersweresynthe-
sizedbyhydrothermaltreatmentofgrapheneox-
ideribbonsandconsequentlaserirradiation[18].
The3Dgraphenenetworksstructureeffectively
eliminatestheself-restackingof2D graphene,

maintainingfastaxial/radialiondiffusion.Unfor-
tunately,grapheneorZIF-derivedcarbonswere
usedtoconstruct3Dcarbonnetworks,whichu-
suallyinvolvedexpensive/complicatedpreparation
processesandenvironmentally unfriendly[19-20].
Fromtheviewpointofpracticalapplication,itis
highlydesirabletodevelopasimpleandcheap
wayforfabricatingporouscarbonsinlargescale.
Currently,manyresearcherstendtofabricate
carbonnanomaterialfrombiomass,whichislow-
cost,ecofriendlyandeasyfabrication[21-23].Bacte-
rialcellulose(BC),atypicalbiopolymer,canbe
obtainedbyanindustrial-scalemicrobialfermen-
tationprocess[24].Intermsofmicrostructure,BC
hasinterconnectedporousnetworks,whichcon-
sistofrandomcellulosenanofiberswithadiame-
terof20—100nm,thusprovidinghighSSAand
porosity[25].Consequently,itcanbeanidealplat-
form for design of value-added carbon-based
nanomaterials.Ourgrouprecentlyreportedasili-

ca-assistedmethodforfabricationofcarbonnano-
fibernetworksbyconfiningnanospacepyrolysis
ofBCwithaself-activationprocess[26].Benefit-
tingfromitsmesopores-dominatedporosityand
goodconductivity,theas-preparedcarbonfilms
displayexcellentrateperformance.Nevertheless,

insitureleasegasasactivatoronlycreatesalimit-
edSSAof624m2·g-1,leadingtoaninferiorca-
pacitance.Thechemicalactivationhasbeenin-
tensivelyusedtosynthesizehigh-SSAporouscar-
bons[27].Thehierarchicalporouscarbonaceous
aerogelswithalargeSSAof2200m2·g-1were
synthesizedthroughKOHactivationofrenewable
seaweed,achievingmultipleenergystorage[28].

Thecapacitancepropertycouldbefurtheren-
hancedbytheintroductionofheteroatomsinto
thesp2-hybridizedcarbonlattice[29].Ithasbeen
demonstratedthattheincorporationofnitrogen
(N)intocarbonmatrixcouldnotonlyenhance
theconductivityofcarbonframeworks,butalso
significantlyincreaseinterfacewettabilityofelec-
trode/electrolyteandinducetheadditionalpseud-
ocapacitance[30-32].The N-dopedordered meso-
porouscarbonwaspreparedbyNi-assistedchemi-
calvapordeposition,manifestingagravimetric
capacitanceashighas855F·g-1at1A·g-1and
high-rateperformanceinaqueouselectrolyte[30].
Similarly,dopingsulfur(S)intocarbonmatrix
alsocandecreasechargetransferresistance[33].
Comparedtosingle-atomdoping,codopingcould
takeadvantageofsynergeticeffects,therebyben-
efitting the overall electrochemical perform-
ance[34-36].Qiaoetal.revealedasynergisticper-
formanceenhancementofNandSdual-dopingre-
sultedfromtheredistributionofspinandcharge
densitiesbytheexperimentalandtheoreticalcal-
culations[34].

Guidingbythese,weproposeafacileand
greenroutetopreparefree-standingN,S-codoped
3Dcarbonnetworksbydirectpyrolysisandacti-
vationofBC@polyrhodaninenanocomposites.
The polyrhodanine providesin situ codoping
sourceforbothNandS,derivedfromoxidation
polymerizationprocesses.Thesynthesizedcarbon
nanofibers(a-NSC)presentalargeSSAwithhi-
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erarchicalmeso-microporesstructure,intercon-
nectedporousnetworks,high-levelN,S-codop-
ingandgoodelectronicconductivity (24S·

cm-1).Withthesefeatures,a-NSCasbinder-free
EDLCselectrodeachievesaremarkablespecific
capacitanceandhigh-ratecapabilityinaqueouse-
lectrolyte.Moreover,theassembledsymmetric
EDLCsobtainahighenergydensityandpower
densityinorganicelectrolyte.Thisworkoffersa
low-costandgreenrouteforthedesignandlarge-
scalepreparationofhigh-performanceporouscar-
bonsintheenergystoragefield.

1 Experiment
1.1 Materialssynthesis

Polymerizationofpolyrhodanineonbacterial
cellulose:FeCl3(30mM)dissolvedin30mLdei-
onizedwater,followedbyvigorousstirringfor
1h.TheBCfilmswereimmersedintothewell-
dispersedoxidantsolutionandstirredslowlyfor
6hatroomtemperature.TheobtainedBC-Fe
(III)filmswereviscous,displayingayellowcol-
or.Rhodanine monomers (50 mM)weredis-
solvedin50mLofdeionizedwaterandheatedto
60°Cundervigorousstirringtoensurethemono-
merdissolvedcompletely.TheBC-Fe(III)films
wereaddedintothepreparedrhodaninemono-
merssolution.Theinsituoxidativepolymeriza-
tionofrhodaninewithBC-Fe(III)wasconducted
at60℃for24hundermagneticstirring.Finally,

theobtainednanocomposite,calledasBC@PR,

waswashedwithethanolanddistilledwaterand
freeze-driedovernight.

Preparationofa-NSC,NSCandcarbonnano-
fibers(CNF):TheBC@PRwasheatedwiththe
heatingrateof2℃·min-1to400℃for1h,and
thenwith5℃·min-1to800℃for2hundera
flowingN2atmosphere,andwascalledNSC.The
NSCandKOH weremixedandheatedupwith
theheatingrateof5℃·min-1to700℃for1h
intheN2atmosphere.ThemassratioofKOHto
NSCwas1∶1.Afteractivation,theproducts
werewashedthoroughlywithHClsolution(1M)

andlotsofdistilledwaterforseveraltimes,and
driedovernightat70 ℃.Theobtainedcarbons

weredenotedbya-NSC.Forcomparison,BCwas
directpyrolyzed underthesamecondition of
NSC,whichwasnotedasCNF.

1.2 Characterizations

Themorphologiesofsampleswerecharacter-
izedbyfield-emissionscanningelectronmicrosco-
py(SEM)andtransmissionelectronmicroscopy
(TEM)withaHitachiS-4800IandFEITecnai
G2F20,respectively.Thermogravimetricanalysis
was conducted on a TG-DSC instrument
(NETZSCHSTA409PC)underN2protectionat
heatingrateof10 ℃ · min-1from 30 ℃ to
900℃.TheN2adsorption/desorptiontechnique
wascarriedoutusinganASAP2020accelerated
surfaceareaandporosimetryinstrument(Micro-
meriticsBK122T-Banalyzer),equippedwithau-
tomatedsurfacearea,at77KusingBrunauer-
Emmett-Teller(BET)calculationsforthesurface
area.Thetotalporevolumeandporesizedistri-
bution(PSD)wereobtainedfromtheadsorption
isothermsusingnon-localdensityfunctionaltheo-
ry (NLDFT)model.TheX-rayphotoelectron
spectroscopy(XPS)analysiswasperformedona
Perkin-ElmerPHI550spectrometerwithAlKα
(1486.6eV)astheX-raysource.Ramanspectra
wereconductedonthe HORIBA ScientificLa-
bRAM HR Ramanspectrometersystem witha
532.4nmlaser.Fouriertransforminfraredspec-
troscopy(FTIR)measurementswererecordedon
aNicolet750.Contactanglesofsampleswereob-
tained on a video contact angle instrument
(JC2000D7M).Theelectricalconductivity of
samplewasmeasuredbyastandardfour-point
probesystemwithaKiethley2700multimeter.

1.3 Electrochemicalmeasurements

Alltheelectrochemicalmeasurementswere
carriedoutonaCHI660Delectrochemicalwork-
station.Inthethree-electrodesystem,asaturat-
edcalomelelectrode(SCE)andaplatinumplate
electrodeservedasreferenceandcounterelec-
trodes,respectively.Thefree-standingcarbon
film(3mg·cm-2)withthicknessof100μmwas
usedasworkingelectrode.Nobinderandaddi-
tionalconductiveadditivewereadded.Thetwo
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symmetricalworkingelectrodeswereseparated
usingmembrane(GF/A,Whatman)soakedwith
electrolyte of1-ethyl-3-methylimidazolium tet-
rafluoroborate(1MTEABF4/AN)ina2016type
cell.Theelectrochemicalimpedancespectroscopy
(EIS)measurementswereperformedatopencir-
cuitpotentialinthefrequencyrangeof10-2to
105HzatanACamplitudeof5mV.GCDcycles
weretestedusinga LAND CT2001A electro-
chemicalworkstation.

Inthethree-electrodesystem,thespecific
capacitanceofelectrodecalculatedbasedonthe
dischargecurvesisaccordingtothefollowing
equation

C=(IΔt)/(mΔV) (1)

whereIisthecurrentloaded(A),Δtthedis-
chargetime(s),mtheactivematerialmass(g),

andΔVthepotentialwindow(V).
Inthetwo-electrodesystem,thespecificca-

pacitanceoftheelectrodewascalculatedfromthe
dischargecurveas

Cs=(4IΔt)/(mΔV) (2)

whereIisthecurrentloaded(A),Δtthedis-
chargetime(s),mthetotalmassforbothcarbon
electrodes(g),and ΔV thepotentialwindow
(V).

ThegravimetricenergydensityEandpower
densityP againsttwoelectrodesindevicewas
calculatedas

E=CV2/2 (3)

P=E/Δt (4)

whereC isthecapacitanceofthesymmetric
EDLC(basedonthetotalmassofelectroactive
materialsintwoelectrodes),V theoperating
voltage(deductthevoltagedrop),andΔtthedis-
chargetime(s).

2 ResultsandDiscussion

Thepreparationprocessesforfree-standing
N,S-codopedcarbonareschematicallyillustrated
inFig.1(a).ThepristineBCpellicleexhibitsa
gel-likeandwater-richmacroscopicmorphology.
TheBC wasusedastemplateandcoatedwith
polyrhodanine(PR)toformtheBC@PRnano-
compositewithachemicaloxidationpolymeriza-
tionprocess.Typically,rhodaninemonomerfully
infiltratesintothe3DnetworksofBCalongthe
nanofibersthroughthestronghydrogenbonding.
Polymerizationofrhodanineontothesurfaceof
BCwasinducedusingFe(III)ionastheinitiator
andoxidant.TheFe(III)ionadsorbedonthe
poroussurfaceofnegativelychargedBCdrivenby
electrostaticinteraction.Aftercarbonizationand
furtherKOHactivation,aporousN,S-codoped
carbon(a-NSC)filmwasobtained.Forcompari-
son, pristine BC-derived carbon nanofibers
(CNF)andN,S-codopedcarbon(NSC)without
activationweresynthesizedinthesameway.
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Fig.1 Theschematicillustrationforfabricatingfree-standingN,S-codopedcarbonwithcorrespondingdigitalphoto-
graphsandSEMimagesofBCpellicle,BC@PRpellicleanda-NSC

  Asrevealedinscanningelectronmicroscopy
(SEM)images,BC@PRmaintains3Dnetworks
architecturewithrandomlycoadjacentnanofibers
ofpristineBC(Figs.1(b—c)),displayingarela-
tivelyroughsurfaceafterthePRcoating.After
pyrolysisandactivation,theresultinga-NSCin-
heritsthestructuralcharacteristicsof3Dinter-
connectednanofibrousnetworks with aslight
shrinkageoftheframeworks(Fig.1(d)).Thedi-
ameterofcarbonnanofibersis20—50nm,asde-
terminedbythetransmissionelectronmicroscopy
(TEM)image(Fig.2(a)).AndCNFandNSC
alsopreserveananalogousmorphology.Notably,
theuniqueinterconnectedporousnetworksnot
onlyprovidealargeinterfacialareaforchargeac-
commodationbutalsoaccelerateiondiffusion/e-
lectrontransferalong3Ddirections[37].Asob-
servedfromhigh-resolutionTEM (Fig.2(b)),a-

NSC mainly consists ofrelatively disordered
structureandpartialorientatedgraphiticlayers
(002)withaninterlayerspacingofabout0.34
nm,whichisbeneficialtoenhanceelectricalcon-
ductivityofcarbonmaterials[38].X-raydiffraction
(XRD)furtherverifiesthestructureofCNF,

NSCanda-NSC.Toa-NSC,twobroadeneddif-
fractionpeakslocatingat24°(002)and44°(100)

implydominantfeaturesofamorphouscarbon,

whichiswell-matchingtheTEMobservations[38].
Moreover,therearenootherperks(apartfrom
24°(002)and44°(100))whichcanbeobserved
intheXRD.ThiscaseprovesthatCNF,NSC
anda-NSCarepurecarbonmaterials.Typicalele-
mentalmappingimagesofa-NSC(Fig.2(c))con-
firmedthathomogeneousincorporationofNand
Selementsintotheentirecarbonnetworks.
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Fig.2 TEMimageofa-NSC,HRTEMimageofa-NSC(inset:themagnifedgraphiticlayers),scanningTEMimageof

a-NSCandcorrespondingelementalmappingimagesofC,N,S,N2adsorption/desorptionisothermsandthecor-
respondingPSDsofa-NSC,NSCandCNF.

  Thefunctionalgroupsofsampleswerechar-
acterizedbyFouriertransforminfraredspectros-
copy (FTIR)spectra.The maincharacteristic
peaksofBCataround1150cm-1( —C O),

2950/1450cm-1(C—H)and3450cm-1(O—

H)wereobserved[39].TheBC@PRdisplayssim-
ilarabsorptionpeaksbutwithlowerintensity.
Simultaneously,theemerging peaks of C—S
(637cm-1), —C S(1240cm-1),C—N (1380
cm-1) —andC O (1710cm-1)contributedby
PR[37],manifestingthatBCwassuccessfullycoa-
ted with PR. Thermogravimetric analyses
(TGA)wereusedtoinvestigatethecarbonization
process.BothBC@PRandBC mainlydecom-
posedbelow400℃alongwiththereleaseofga-
ses(H2O,CO2),resultingintheformationof
manypores.Theresidualmassofabout28.5%
and10.8% wasobtainedat800℃forBC@PR
andBC,respectively.

Theporecharacterizationofcarbonnetworks
wasinvestigatedbytheN2adsorption/desorption
experiments.Thea-NSCexhibitsahybridI/IV-
typeisothermcurvewithadistincthysteresisloop

oftypeH4inthemedium/highpressureregion
(0.4<P/P0<1),indicatingexistenceofmeso-
pores(Fig.2(d)).Itisclearthatthesignificantly
highuptakeofa-NSCatlowpressureregion(P/

P0<0.1)isindicativefortheabundantmicropo-
rosity.TheBrunauerEmmettTeller(BET)SSA
ofa-NSCiscalculatedtobe1420m2·g-1witha
totalporevolumeof0.848cm3·g-1(Table1),

whichislargerthanthatofNSC(934m2·g-1,

0.359cm3 ·g-1)and CNF (302 m2 ·g-1,

0.218cm3·g-1).TheincreasedSSAandpore
volumecanbeattributedtoKOHactivationand
heteroatomsdoping.Theporesizedistribution
(PSD)isfurtherverifiedbytheNLDFTanalysis
ontheadsorptionisothermasshowninFig.2(e).
AscomparedtomicroporousdistributionofNSC,

areasonable meso-microporousdominant PSD
wasobservedina-NSC.Furthermore,fora-
NSC,notablefeatureofhighratioofmicropore
volumetototalvolumeupto63% wasnoticed.
TheintegrationoflargeSSAandhierarchicalme-
so-microporosityisextremelyfavorableforcharge
accumulationandrapiddiffusionofions[2,11].

Table1 BETsurfacearea,porestructureparameters,conductivitytestsandXPSelementalanalysisofcarbonmaterials

Samples
S(a)
BET/

(m2·g-1)
Micro-SBET/
(m2·g-1)

V(b)
total/

(cm3·g-1)
Micro-Vtotal/
(cm3·g-1)

Conductivity/
(S·cm-1)

Elementalanalysis/% (inatom)

C N S O
CNF 302 250 0.218 0.118 1.2 87.1 - - 12.9
NSC 934 914 0.359 0.350 31 85.5 2.3 5.4 6.8
a-NSC 1420 1060 0.848 0.539 24 79.4 3.1 3.2 14.3

 Note:(a)SpecificsurfaceareadeterminedaccordingtoBETmethod;(b)Totalporevolume.
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  Thechemicalcompositionofcodopedcarbon
wasinvestigatedbyX-rayphotoelectronspectros-
copy(XPS).Insurveyspectra,botha-NSCand
NSCexhibittypicalN1s,S2sandS2ppeaksa-
longwithC1sandO1s,indicatingeffectivedo-
pingofNandSintocarbonlattice.Thecodoping
leveloftwoelementsina-NSC,NandS,reaches
3.1%inatomand3.2%inatom,respectively
(Table1).NotethatKOHtreatmentleadstoan
increaseinoxygencontent.Thehigh-resolutionC
1sspectrumfora-NSC(Fig.3(a))canbefitted
tofoursubpeaksataround284.5,286.3,288.2
and290.1eV,whichcorresp —ondstoC C/C—

C,C—O, —C —OandO C—O,respectively[37].
Thepercentag —eofC C/C—Cwasupto81%,

implyinghighgraphitizationdegree[40].Inaddi-
tion,high-resolution N 1sspectrum ofa-NSC
(Fig.3(b))revealstheexistenceofpyridinicN
(N—6,398.6 eV), pyrrolic N (N—5,

400.1eV),graphiticN (N—Q,401.1eV)and
pyridine-N-oxide (N—O,403.2eV)[41].The
N—6(42.8%)andN—5(13.6%)areableto
enhancethecapacitanceduetotheirpseudo-ca-

pacitycontributions,andN—Q(40.2%)cande-
creaseintrinsicresistanceofcarbonelectrodeand
facilitateelectrontransfer[11,29,42].Moreover,the
deconvolutedspectrumofS2p(Fig.3(c))sug-
geststhatthebindingstatesofsulfurarecarbon-
bonded thiophene-type sulfur (C—S—C:

164.0eVforS2p3/2,165.2eVforS2p1/2)and
highlyoxidizedsulfurspecies(SOx,168.2eV)[41].
ThedominatedC—S—C (86%)playsasignifi-
cantroleinmodifyingtheconductivityofcarbon
material[43].Theelectricalconductivityofa-NSC
andNSCwasestimatedtobe24and31S·cm-1

(Table1),respectively,measuredbyafour-
probemethod,whichisfarhigherthanthatof
undopedCNF(1.2S·cm-1).Significantly,sur-
facefunctionalitiesalsocanenhancewettabilityof
carbonelectrodeforelectrolyte[29].Itwascon-
firmedbythecontactangleteststhata-NSCand
NSC has moresuperiorelectrolyte wettability
thanCNF,easilyallowingionspermeationinto
microporositystructureofelectrode.Thestruc-
turalcharacterizationsofsampleswerefurther
confirmedRamanspectra(Fig.3(d)).Theratiosof

Fig.3 High-resolutionC1sspectrumofa-NSC,high-resolutionN1sspectrumofa-NSC,high-resolutionS2pspectrum
ofa-NSC,andRamanspectraofa-NSC,NSCandCNF
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Dband(disordered/defectcarbon,1350cm-1)

toGband(graphiticcarbon,1580cm-1),calcu-
latedbytheintegratedareas,arehigherfora-
NSCandNSCthanCNF(ID/IG:0.93and0.91
vs0.87),suggestingthepresenceofmoredefects
createdbytheN,S-codopingandKOHactiva-
tion[38,42].

Theas-prepareda-NSCfeaturesuniquechar-
acteristicssuchaslargeSSAwithhierarchicalpo-
rosity,interconnected3Dnetworksmorphology
andN,S-codoping,whichmakeitanidealcandi-
dateforEDLCs.Toinvestigatecapacitiveproper-
ties,athree-electrodeconfigurationwasfabrica-
tedwith6MKOHaselectrolyte,andcarbonfilm
wasdirectlyusedasbinder-free workingelec-
trode.AsshowninFig.4(a),bothcyclicvoltam-
metry(CV)plotsofa-NSC,NSCandCNFdis-
playnearlysymmetricalrectangularshapesatthe
scanrateof10mV·s-1,demonstratingthefor-
mationofidealelectricdouble-layer(EDL).And
thecodopedcarbonelectrodesalsoshowedsome
redoxhumppeaks,indicatingthepseudocapaci-
tivecontributionfromNdoping.Apparently,the

areaofCVplotfora-NSCismuchlargerthanthe
NSCandCNF,suggestingabetterEDLbehav-
ior.Asincreasingthescanrateto200mV·s-1,

a-NSCstillkeepsarathergoodrectangular-like
shape.Galvanostaticcharge/discharge (GCD)

curvesofthea-NSCshowhighlysymmetryand
nearlylinearslopesatdifferentcurrentdensities.
Comparingwith NSCandCNF,alargerdis-
chargetimewasobservedfora-NSC(Fig.4(b)),

suggestingahighercapacitance.Thespecificca-
pacitanceswerecalculatedaccordingthedischarge
ofGCDcurves(Fig.4(c)).Thea-NSCpossesses
ahighspecificcapacitanceof340F·g-1atthe
currentdensity0.5A·g-1withsuperiorrateca-
pabilityof240F·g-1 at20 A·g-1(71%),

whichis much higherthanthatofthe NSC
(254F·g-1at0.5A·g-1,66% at20A·

g-1),CNF(219F·g-1at0.5A·g-1,50%at
20A·g-1),andmostotherBC-derivedcarbons
forEDLCsapplications.Apparently,theen-
hancedmicroporeSSAandN,S-functionalization
upondopingimprovetherateperformanceand
capacitanceofNSCelectrode;furtheractivation

Fig.4 Electrochemicalperformancesusing6MKOHaselectrolyteinathree-electrodeconfiguration
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achievedalargeSSAwithhierarchicalmeso-mi-
croporosity,ensuringthehighcapacitanceand
excellentratecharacteristicofa-NSCelectrode.
TheBETarea-normalizedcapacitanceofa-NSC
canachieveamaximumof24μF ·cm-2.The
improvedion-transportkineticsofelectrodeswere
evidencedbyelectrochemicalimpedancespectro-
scopic (EIS)over a frequency range from
100kHzto10MHz.a-NSCshowsasmallerdi-
ameterofthesemicircleinhigh-frequencyranges
andshorterWarburgregionwithtypical45°slope
thanNSCandCNF,provingexcellentiondiffu-
sion/chargetransferprocess.Andnearlyvertical
plotinlow-frequencyrangessuggeststhegood
accessibilityofelectrolyteionsintoporouscar-
bon.Thecyclingperformanceofelectrodeswere
evaluatedby5000GCDcyclesat2A·g-1at6M
KOHelectrolyteinFig.4(d).Botha-NSCand
NSCexhibithighstabilitywith98%and99%ca-
pacitanceretention,respectively,whichisfarsu-
periortotheCNF(80%).

Suchexcellentcapacitiveperformancecanbe
attributedtouniquestructuraladvantages.First-
ly,largeSSAguaranteessufficientactivesitesfor
chargestorageandhierarchicalporositycanaccel-
erateionaccumulation/diffusion,thusimproving
bothcapacitanceandratecapability;secondly,

interconnected3Dnetworkscanconstructconduc-
tingbackbonesforfastelectrontransferandalso
providemultiplechannelsforthe migrationof
ions.Moreover,thebetterwettabilityandcon-
ductivityowingtoN,S-codopingfurtherenhance
theion-accessiblesurfaceareaandfacilitateelec-
trontransport,andN—Qincorporatedintothe
graphiticcarbonplane(aromaticityC—Nframe-
work)canenhancetheelectricalconductivityof
carbonelectrode,significantlyincreasingtheca-
pacitanceandratecapability.Thepresenceof
N—6andN—5 (electrochemicallyactive)also
canintroducepseudocapacitanceinthealkalinea-
queoussolutionthroughthefollowingfaradaicre-
actions[11]
*CH—NH2+2OH 췍췍＝- * —C NH+2H2O+2e
*C—NH2+2OH 췍췍＝- *C—NHOH+H2O+2e
where*Cstandsforthecarbonnetwork.

Tofurtherevaluatesupercapacitorperform-
ances,weconstructedasymmetricalEDLCscell
ofa-NSCin1M tetraethylammonium tetraflu-
oroborate(TEABF4)inacetonitrile(AN)witha
widevoltagerangeof0—2.5V.Bothquasi-rec-
tangleCV plotswithscanningratesincreasing
from20to500mV·s-1(Fig.5(a))andthesym-
metryandlinearGCDcurvesevenatahighcur-
rentdensityof20A·g-1(Fig.5(b)),suggesting
anidealEDLbehavior.Thehighspecificcapaci-
tanceof148F·g-1fora-NSCisobtainedfrom
theGCDcurveat0.5A·g-1(Fig.5(c)).In-
creasingcurrentdensityupto20A·g-1,theca-
pacitancemaintains100F·g-1,indicatinghigh
ratecapability.Thegreatperformancescanbeas-
cribedtolargeion-accessiblesurfaceareaandop-
timizedporestructure.AsNLDFTanalysisabove
(Fig.2(e)),themeso-microporousPSDiseffec-
tiveforionsaccumulation/transportintheTE-
ABF4/AN system (size:solvated TEA+ of

1.30nmandsolvatedBF-4 of1.16nm)[7].The
interconnected porous networks also provide
shortion-transportpathways.TheNyquistplot
(Fig.5(d))showsaverticalcurveatlow-frequen-
cyregion,indicatinganearlyidealcapacitivebe-
haviour.Thehigh-frequencyregionforporous
electrodeistypicallydividedintotworangesby
thekneefrequency (265Hz):Thecriticalfre-
quencyatwhichallSSAisaccessed,meaning
thattotalEDLcapacitanceisreached.Thea-NSC
exhibitsafrequencyof2.86Hzataphaseangle
of-45°correspondingtoatimeconstantof
0.35s(Fig.5(e)).Thehighkneefrequencyand
muchshorttimeconstantinducedbythegoodac-
cessibilityoftheionsinto3Dporousnetworks
demonstratetheexcellentpowercapabilityofthe
device.TheRagoneplotforsymmetricalEDLCs
ofa-NSCdepictsthattheenergydensityisabout
32.1W·h·kg-1atpowerdensityof637 W·

kg-1,whiletheenergyremainsashighas21.7
W·h·kg-1atpowerdensityof28.8kW·kg-1

(Fig.5(f)),whicharesignificantlyhigherthan
symmetricalEDLCsofa-NSCinaqueouselectro-
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lyteandothercarbonmaterialssynthesizedfrom
biomass[26,36,44-48].Thereisanexcellentcircula-
tionwith94% retentionafter10000cyclesat

2A·g-1in1MTEABF4/ANelectrolyte,bene-
fitingfromexcellention/electrontransportdur-
ingthelong-termcycling.

Fig.5 SymmetricalEDLCsperformanceofa-NSCusing1MTEABF4/ANaselectrolyte,CVplots,GCDcurves,specific

capacitanceversuscurrentdensity,nyquistplot,bodeplotofphaseangleversusfrequency,ragoneplotfora-NSC

incomparisonwithothercarbonmaterialsincluding:CN-BC[26],aPCN[36],PCNS-6[44],PCN/CNF[45],N,S-

PCN[46],N-PMNC[47],FGN-300[48]

3 Conclusions

Wehavesuccessfullysynthesizedfree-stand-
inginterconnectedN,S-codoped3Dcarbonnet-
works(a-NSC)withlargeSSAandhierarchical
meso-microporousstructure.Thisisachievedby
thepyrolysisofbacterialcellulose@polyrhoda-

nine derived from oxidation polymerization
processes.Thesestructuralfeaturesnotonlypro-
videalargeion-accessiblesurfaceareaforionsad-
sorption,butalsoensureefficientelectronand
iontransportalong3Ddirections.Asaresult,
theprepareda-NSCexhibitsahighspecificcapac-
itanceof340F·g-1at0.5A·g-1inaqueous
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electrolytewithhigh-ratecapability.Moreover,a
symmetricalEDLCsdevicedisplaysashorttime
constantof0.35sin1M TEABF4/ANelectro-
lyte,obtaininga maximum energydensityof
32.1W·h·kg-1atapowerdensityof637W·

kg-1.Webelievethattheinsitumulti-heteroa-
tomsdopingcanbeextendedtoothercarbon
nanostructures (0D,2D),achieved by using
nanosphereornanosheetprecursorsaspolymeri-
zationtemplates.Thisversatilemethodenables
biomass-derivedporouscarbontoexploititsim-
mensepotentialsinenergystorageapplications.
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Fig.S1 (a)DigitalphotographofBCpellicle.(b)SEMimageand(c)XRDpatternofBCpellicleafterfreeze-drying.
Theschematicillustrationof(d)hydrogenbondingand(e)electrostaticinteractions

  FromtheXRDpattern(Fig.S1c),bacterialcellulose(BC)showsatypicalprofileofcelluloseIwiththreetypicaldif-
fractionpeaksoccurringintheregionof10—25°.Besides,BCpossessesabundantsurfacehydroxylgroups(-OH)along

itsnetworkswithnegativelychargedsites,whichcanbedeterminedbytheFTIRspectra(Fig.S4).

Fig.S2 SEMimagesofdifferentmassrationofKOHtoNSC:(a)1∶1,(b)2∶1,(c)4∶1.

ThehighproportionofactivatorwilldestroythenanofibermorphologyofNSC,thustheapplicablemassratioofKOH

toNSCis1∶1.



   Fig.S3 SEMimagesof(a)CNFand(b)NSC  Fig.S4 (a)XRDpatternsofCNF,NSCanda-NSC

  Fig.S5 (a)FTIRspectraand(b)TGAcurvesforBCand    Fig.S6 XPSsurveyspectraofCNF,NSC
BC@PRpellicle anda-NSC

TableS1 TheatomicpercentagesofC,N,Sofdifferentchemicalstatesfora-NSC.
Samp —les C C/C—C C— —O C O O— —C O N—6 N—5 N—Q N—O C—S-C SOx

a-NSC 81.0% 11.6% 2.9% 4.5% 42.8% 13.6% 40.2% 3.4% 86% 14%

Fig.S7 Thecontactangletestsofdifferentelectrodeswith6MKOH
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Fig.S8 CVplotsof(a)a-NSC,(c)NSCand(e)CNFelectrodesatdifferentscanrates.GCDcurvesof(b)a-NSC,(d)

NSCand(f)CNFelectrodesatdifferentcurrentdensities

Fig.S9 Comparisonofthecapacitanceofa-NSCelectrodewithothercarbonmaterialsderivedfrombacterialcellulose

testedinaqueouselectrolyteincluding:GCP[1],BC/PPy[2],PCNF-700[3],a-CBP[4],A-P-BC-N-25[5],BC/PA-
NI[6],N-CNFs[7],BC/LRF16[8],bc-CNF800[9],BC/GO[10],PCN/CNF[11],CNFs/MWCNTs[12],CLCF[13],

APBC[14]

  Fig.S10 TheBETarea-normalizedcapacitance   Fig.S11 Nyquistplotsofa-NSC,NSCandCNFelectrodes.
ofa-NSC Insetmagnifiesthehigh-frequencyrange
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Fig.S12 Symmetricalsupercapacitorperformancesofa-NSCusing6M KOHaselectrolyte.(a)CVplots.(b)GCD
curves.(c)Specificcapacitancevscurrentdensity.(d)Nyquistplot.(e)Ragoneplot

Fig.S13 Cyclingstabilityofa-NSCat2A·g-1usinganorganicelectrolyteofTEABF4/AN
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ElectrochemicalMeasurements
TheBETarea-normalizedcapacitanceCSA(μF·cm-2)wasestimatedfrom:

CSA= Cs
SBET

×100

whereSBETisthespecificsurfacearea(m2·g-1)derivedfromtheN2adsorptionandCSisthespecific
capacitance(F·g-1).

References:

[1] WengZ,SuY,WangD W,etal.Graphene-Cellu-

losePaperFlexibleSupercapacitors[J].Adv.Ener-

gyMater.,2011,1(5):917-922.
[2] WangH H,BianL,ZhouPP,etal.Core-sheath

structuredbacterialcellulose/polypyrrolenanocom-

positeswithexcellentconductivityassupercapacitors
[J].J.Mater.Chem.A,2012,1:578-584.

[3] YuanDS,HuangXJ,YanJ,etal.PorousCarbon

NanofibersDerivedfromBacterialCelluloseforSus-

tainableEnergyStorage[J].Sci.Adv.Mater.,

2013,5:1694-1700.
[4.] LongCL,QiDP,WeiT,etal.Nitrogen-Doped

CarbonNetworksforHighEnergyDensitySuperca-

pacitorsDerivedfrom PolyanilineCoatedBacterial

Cellulose[J].Adv.Funct.Mater.,2014,24(25):

3953-3961.
[5] ChenLF,HuangZH,LiangH W,etal.Flexible

all-solid-statehigh-powersupercapacitorfabricated

withnitrogen-dopedcarbonnanofiberelectrodemate-

rialderivedfrombacterialcellulose[J].EnergyEn-

viron.Sci.,2013,6:3331-3338.
[6] WangH H,ZhuE W,YangJZ,etal.Bacterial

CelluloseNanofiber-SupportedPolyanilineNanocom-

positeswithFlake-Shaped MorphologyasSuperca-

pacitorElectrodes[J].J.Phys.Chem.C,2012,

116(24):13013-13019.
[7] CaiJ,NiuHT,LiZY,etal.High-Performance

SupercapacitorElectrode Materialsfrom Cellulose-

DerivedCarbonNanofibers[J].ACSAppl.Mater.

Interfaces,2015,7(27):14946-14953.
[8] XuXZ,ZhouJ,.NagarajuD H,etal.Flexible,

HighlyGraphitizedCarbonAerogelsBasedonBacte-

rialCellulose/Lignin:Catalyst‐FreeSynthesisand

itsApplicationinEnergyStorageDevices[J]Adv.

Funct.Mater.,2015,25(21):3193-3202.
[9] LiuY,LuT,SunZ,etal.Ultra-thincarbonnanofi-

bernetworksderivedfrombacterialcelluloseforca-

pacitivedeionization[J].J.Mater.Chem.A,2015,

3:8693-8700.
[10]LiuY,ZhouJ,ZhuEW,etal.Facilesynthesisof

bacterialcellulosefibrescovalentlyintercalatedwith

grapheneoxidebyone-stepcross-linkingforrobust

supercapacitors[J].J.Mater.Chem.C,2015,3,

1011-1017.
[11]JiangYT,YanJ,WuXL,etal.Facilesynthesisof

carbonnanofibers-bridgedporouscarbonnanosheets

forhigh-performancesupercapacitors[J].J.Power

Sources,2016,307:190-198.
[12]YangC,LiDG.Flexibleandfoldablesupercapacitor

electrodesfromtheporous3Dnetworkofcellulose

nanofibers,carbonnanotubesandpolyaniline[J].

MaterLett,2015,155:78-81.
[13]ChengYL,HuangL,XiaoX,etal.Flexibleand

cross-linkedN-dopedcarbonnanofibernetworkfor

highperformancefreestandingsupercapacitorelec-

trode[J].NanoEnergy,2015,15:66-74.
[14]WangXJ,KongDB,ZhangYB,etal.All-bioma-

terialsupercapacitorderivedfrombacterialcellulose
[J].Nanoscale,2016,8:9146-9150.

ⅤNo.4   SupportingInformation:Biomass-DerivedNitrogenandSulfurCo-Doped3D…


