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Abstract:Recently,metal-organicframeworks(MOFs)havebeenregardedasanidealprecursor
forpreparingnanoporouscarbonmaterialsfortheelectrodesofsupercapacitorsduetotheirability
totunethematerial’sstructurefromthemolecularscale.However,theMOF-derivedcarbons
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networkmadeofpolyacrylonitrile(PAN)canachieveafreestandingcarbon-basedelectrodefor
supercapacitors.PANnanowiresyieldpyrolyticcarbonofhighgraphitizationleveltoconnect
ZIF-derivedcarbonnanoparticlesforefficientchargetransfer;ZIF-67providesnitrogendoped
porouscarbonstructureforchargestorage.Suchaelectrodedeliveredagravimetriccapacitanceof
124F·g-1atthecurrentdensityof1A·g-1withacapacitanceretentionofgreaterthan92%
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用于高性能超级电容器的电纺碳纤维材料

潘士泉,金洪昌,齐志凯,季恒星

(中国科学技术大学合肥微尺度物质科学国家研究中心,中国科学院能源转换材料重点实验室,中国科学技术大学应用化学系,安徽合肥230026)

摘要:金属有机骨架(MOFs)被认为是制备纳米多孔碳材料并用于超级电容器电极的理想前体,因为它们

能够从分子尺度调节材料的结构.但是,一方面 MOFs衍生的碳通常表现出较低的石墨化水平,另一方面纳

米多孔碳颗粒之间具有较大的界面电阻,这些影响因素会导致电极的导电性差,进而极大地限制它们的电化

学性能.本研究成功将ZIF-67嵌入聚丙烯腈(PAN)的纳米线纤维中,并在碳化处理后可以独立地用于超级

电容器电极.PAN纳米纤维在热解过程中能够产生高石墨化水平的碳纤维,一方面用于连接ZIF衍生的碳



纳米颗粒,另一方面有利于电荷转移;ZIF-67可以提供氮掺杂的多孔碳结构用于电荷存储.这种电极在

1A·g-1 的电流密度下可以达到124F·g-1 的质量比容量,并在10A·g-1 的10000次循环中电容保持率

大于92%.
关键词:静电纺丝;碳纳米纤维;超级电容器

0 Introduction
Supercapacitors,alsocalledultracapacitorsor

electrochemicalcapacitors,haveattracted great
attentionowingtotheirhighpowerdensityand
longcyclelife[1-4],whichstoreenergybyforming
anelectricdouble-layerattheinterfacebetween
liquidelectrolyteandtheelectrode[5].Thephysical
propertiesoftheelectrodematerials,forinstance
the porous structure,surface area,electrical
conductivity, and chemical stability, etc.,
dominatetheelectrochemicalperformanceofthe
supercapacitors[1,6].The widely used electrode
materialsmainlyincludecarbonmaterials,metal
oxides, and conducing polymer, in which
nanoporouscarbons(NPCs)areconsideredtobe
themostpromisingonesbecauseoftheirrelatively
high electricalconductivity,excellentchemical
stability,controllableporousstructure,andrich
carbonsources[7-11].

In recent years, metal-organic framework
(MOF)hasdrawnmuchattentionforobtaining
NPCsowingtoitshighspecificsurfacearea(SSA)
anditsrichnessin heteroatomsthatcanyield
highlydopedNPCs.Thesefeaturesarecriticalfor
NPCstoyieldimprovedgravimetriccapacitance.
DirectcarbonizationofMOFbythermaltreatment
inaninertatmosphereisthe mostwildlyused
method[12-15].In2008,forthefirsttime,Liuet
al.[19] reported an NPC obtained by direct
carbonizationofMOF-5,whichshowedaspecific
surfaceareaof2872 m2 ·g-1 andpromising
gravimetriccapacitanceof258F·g-1at250mA·

g-1.Recently,Dengetal.[20]usedCo(OH)2as
boththetemplateandprecursortofabricatea
vertically-oriented MOF electrode for high-
performance supercapacitors. Despite the
feasibility in structure tuning, the inherent
limitationsofMOF-derivedNPCsstillhinderits

applicationsforsupercapacitors,forexamplethe
poorgraphitizationlevelofthecarbonizedMOFs
andtheinterfaceresistancebetweenthe NPCs
particlesthatlowertheelectricalconductivity,and
thusleadtoarestrictedpowerdensity[21-22].

Inthiswork,wefabricatedabinder-freeN-
dopedcarbonizednanofibers(CNFs-N)usingZIF-
67embeddedpolyacrylonitrile(PAN)asprecursor
throughelectrospinning.ThecarbonizedZIF-67
nanoparticles areinterconnected by carbonized
PAN fibers which facilitates electron transfer
duringthecharge-dischargeprocess.Inaddition,
ZIf-67andPANalsoprovideanitrogensourceto
generateN-dopantsincarbon,whichenhancesthe
overallcapacitacity.Thus,ourCNFs-Ndelivered
agravimetriccapacitanceof124F·g-1atthe
currentdensityof1A·g-1withahighcapacitance
retentionofgreaterthan92%over10000cycles.

1 Experimental
1.1 PreparationofZIF-67particles

Typically,3.446gofCo(NO3)2·6H2Owas
dissolvedin120mLofmethanol.7.787gof2-
methylimidazole(MeIM)wasdissolvedin120mL
ofmethanol.Then,thetwosolutionswererapidly
mixedtogetherundermagneticstirringatroom
temperature.Afterstirring for 1 h atroom
temperature,thepurplepowderwascollectedby
centrifugationat9000r/minfor10min,andwas
washedthreetimeswithmethanol.
1.2 PreparationofN-dopedcarbonnanofibers

(CNFs-N)
0.39goftheas-synthesizedZIF-67powder

wasdispersedin 2 mL ofdimethylformamide
(DMF)solventwiththeassistanceofultrasound
for2h.Then0.26gofpolyacrylonitrile(PAN,
averageMW150000)wasdispersedintheZIF-67/
DMFsuspension.Themixturewasstirredfor24h
toformahomogeneouslysuspension.Then,the
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mixturewasloadedintoasyringe(5mL)witha
stainless-steelnozzle which wasconnectedtoa
high-voltagepowersupply.Thevoltage,feeding
rate,temperature,anddistancebetweentheanode
andcathodearefixedat20kV,3.5mm·h-1,25
℃,and15cm,respectively.TheelectrospunZIF-
67/PANfilm wasdriedat45 ℃ for12hin
vacuum.Carbonizationwascarriedoutthrougha
two-stageheatingprocess.Specifically,thesample
washeldto270℃ witharampingrateof5℃·

min-1inairandthetemperaturewasheldat270℃
for1h.Thenthesamplewasheatedto800 ℃
witharampingrateof5 ℃ ·min-1 underthe
protectionofN2gas.Thetemperaturewasheldat
800℃ for2 h beforecooling down to room
temperature. Subsequently, the resultant
materials were washedthoroughlyina H2SO4
solution(2.0mol·L-1).Finally,theas-obtained
CNFs-Nsamplewasrinsedwithdeionizedwater
anddriedinvacuumat45℃.ThecarbonizedZIF-
67andelectronspunPANfilm wereobtainedby
carbonizationthroughthesameheatingprocessfor
CNFs-N.
1.3 Materialcharacterization

Themorphologyofthesampleswasexamined
usingascanningelectronmicroscope(SEM,JSM-
6700F)andafield-emissiontransmissionelectron
microscope(FETEM,JEM-2100F).Thecrystal
phaseoftheproducts wasexaminedby X-ray
diffractionspectroscopy(XRD,D/max-TTRIII)
withCuKαradiation(V=40kV,I=200mA)with
scanrateof5°·min-1from 10°to50° (2θ).
Ramanscattering spectra werecollected on a
Raman spectroscopy (Renishaw inVia Raman
Micro-scope,532 nm laser with a power of
5mW).X-rayphotoelectronspectroscopy(XPS)
spectrawereobtainedonanESCALabMKIIX-
ray photoelectronspectrometer witha Mg Kα
(1253.6eV)excitationsource.Thesurfacearea
and pore size distribution of samples were
calculatedwith N2adsorption-desorptionusinga
Quantachromeinstrument(autosorbiQ2)with
Brunauer-Emmett-Teller (BET) methods and
quenchedsoliddensityfunctionaltheory(QSDFT)

model.
1.4 Electrochemicalmeasurements

All electrochemical measurements were
carriedoutusingatwo-electrodesystem witha
VersaStudioelectrochemicalworkstationatroom
temperature. Before the assembly of the
supercapacitors,theelectrodes weresoakedin
aqueousH2SO4electrolyte(2.0mol·L-1)for48
h. The employed two-electrode configuration
consistedoftwoslicesofelectrodematerialswith
thesamesize(ø=1.0cm),PTFEfilterpaper
(poresize:225nm)astheseparator,andapairof
Ptplateasthecurrentcollectors.The areal
density of the supercapacitor electrode was
estimatedbydirectmassandphysicaldimension
measurements,whichisabout1.2mg·cm-2.CV
andgalvanostaticcharge-discharge measurements
wererecordedattheworkingvoltageof0.0to
1.0V.Theelectrodewaspreparedbyadirectly
carbonizedsamplewithoutanybinders.

Themassbasedspecificcapacitance(Cs)was
calculatedfromthegalvanostaticdischargeprocess
usingtheequation:

Cs =
2Icons

mdV/dt
whereIcons (A)corresponds to the constant
dischargecurrent,dV/dt(V·s-1)representsthe
slopeofthedischargecurve,andm (g)refersto
the mass ofthe active materialon thetwo
electrodes.

2 Resultsanddisscusion
Fig.1(a)showstheprocessesforsynthesizing

the CNFs-N. Firstly, the ZIF-67 powder
(synthesized according to Ref.[23] ) was
dispersedindimethylformamide (DMF)solvent
viasonicationfor2hfollowedbytheadditionof
PANpowder.ThemixtureofaZIF-67∶PAN∶
DMFatmassratioof1.5∶1∶7.5wasthen
stirredfor24htoformahomogeneousdispersion.
Then,theobtainedsuspensionwassubjectedto
electrospuntoform the ZIF-67/PAN film on
aluminumfoil(Fig.1(b)).Thefilmwithanarea
of13.0cm×18.0cmcanbeobtainedwithin300
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min.Thescanningelectron microscopy (SEM)
image(Fig.1(c))showsthattheZIF-67/PAN
filmobtainedbyelectronspuniscomposedoffibers
withadiameteroflessthan1�mandalengthof
tensofmicrometers.Aftercarbonizationat800℃
inN2,thefilmisblackyetstillintegrative,and
thefibrousstructureispreserved(Fig.1(d)).

Fig.1 (a)SchematicofthesynthesisprocessesforCNFs-
N,(b)opticalphotographofZIF-67/PANfibers,(c)

SEMimageofZIF-67/PANfibers,(d)SEM imageof
CNFs-N.Insetin(d):photographofCNFs-N

Fig.2 SEMimagesof(a)ZIF-67/PANand(b)CNFs-N
fibers,(c)SEMimageshowingthecrosssectionofaCNFs-
Nfilm,(d)and(e)TEMimagesofCNFs-Natdifferent
magnifications

Thedetailsofthe microscalestructureare
furtherstudiedbySEM.Fig.1(a)showsthatthe
as-preparedZIF-67/PANcompositenanofibersare
verylonganduniformindiameter(~1μm)with
nanoparticlesofadiameterofaround200 nm
embeddedinthefibers.Thesenanoparticleswhich
arenotobservedontheelectrospunPANfibers
shouldbetheZIF-67particles.Aftercarbonization
andacidwashing,theresultantCNFs-Nsample
retainsthefiber-likemicroscopylikethatofthe
ZIF-67/PANexceptthatthestructureofZIF-67

particlesandPANfibersareslightlyshrunk(Fig.

2(b)).Therefore,thediameteroftheCNFs-N
fibersisslightlyreducedto around 700 nm.
Benefittingfrom the network formed by the
electrospunZIF-67/PANnanofibers,theobtained
CNFs-Nsampleexhibitsgoodself-standingability
(insetofFig.1(d)).ThecrosssectionofSEM
image(Fig.2(c))showsuniformthicknessof
CNFs-N,andalsothethicknessiscontrollableby
adjustingthespinningtime(Fig.2(c)).TheTEM
images (Fig.2 (d)) further reveal the
microstructureoftheCNFs-N.Thenanofiberis
composedofhollow nanoparticlesinterconnected
witheachother,whichshouldbethecarbonized
ZIF-67particles.Inaddition,nanoparticleswitha
diameterofaround10nmisobservedinFig.2(e)

whichcanbeassignedto Conanoparticles,as
confirmedbytheselectedareaelectrondiffraction
pattern.

Fig.3 (a)XRDpatternsand(b)RamanspectraofCNFs-
Nandthecontrolsamples,(c)N1sXPSspectraofCNFs-
N,(d)N2adsorption/desorptionisothermsoftheCNFs-N

X-raydiffraction(XRD)patternsofCNFs-N,

ZIF-67/PAN,andZIF-67areshowninFig.3(a).
TheXRDpatternofZIF-67/PAN (redcurvein
Fig.3(a))showssharpyetweakdiffractionpeaks.
Therelativeintensitiesandpeakpositions well
matchthoseofZIF-67(bluecurveinFig.3(b)),

whichagainconfirmsthesuccessfulincorporating
ofZIF-67inthePAN microfibernetwork.After
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carbonization,theCNFs-NshowsastrongXRD
peakataround44.2°,whichcanbeascribedtothe
latticeplaneof (111)ofmetalliccobalt[11].A
broadXRDpeakat2θof26°isalsoobservedwhich
canbeassignedtocarbonofweakgraphitization
level[10].Such weakgraphitizationlevelofthe
CNF-NisfurtherconfirmedbyRamanspectrum
(Fig.3(b)),whichshowsbroadD(at1338cm-1)

andG(at1585cm-1)bandswithD/Gintensityratio
of1.03.TheD/GintensityratiooftheCNF-Nis
slightlyhigherthanthatofthecarbonizedPAN,yetis
lowerthanthatofthecarbonizedZIF-67,whichcould
beduetotheexistenceofConanoparticlesthatcan
assistthegraphitizationofcarbonattheelevated
temperatureof800℃[24].

Natomssubstitutionallydopedincarbonare
foundtobeabletoimprovetheFermilevelof
carbon so as to improve the gravimetric
capacitance[25].Here,ZIF-67andPANhavetheN
atomic percents of 13.8% and 25.3%,

respectively,therefore,directcarbonization of
ZIF-67/PANyieldsCNFs-NofNatomicpercentof
6.3%.X-rayphotoelectronspectroscopy (XPS)

wasusedtofurtheranalyzetheconfigurationofN
dopantsintheCNFs-N.TheN1sspectrum of
CNF-N (Fig.3(c))canbefitwithfourpeaks
whichareassignedtopyridinic-N (398.5eV),

pyrrolic-N(400.1eV),graphitic-N(401.1eV),and
oxidic-N (403.2 eV). Among these types,

pyridinic-N and pyrrolic-N species are the
dominantconfigurationsofNinCNFs-N.And
thesetwo types of N-dopants are active in
increasingthe Fermilevelofcarbonto yield
improvedgravimetriccapacitance[25].Inaddition,

the N2 adsorption-desorption curve showsthe
hysteresisloopoftypeIV (Fig.3(d)),indicating
thattheCNFs-Nsampleexhibitsa mesoporous
structurewithaspecificsurfaceareaof340.4m2

·g-1[12].
Toevaluatetheelectrochemicalperformance

oftheCNFs-Natwo-electrodecellisappliedwhich
containstwoCNF-Ndisksofadiameterof1cmas
boththepositiveandnegativeelectrodes,aPTFE

Fig.4 (a)Cyclicvoltammetry(CV)curvesoftheCNFs-N
sampleobtainedatdifferentscanrates,(b)galvanostatic
charge-dischargecurvesatdifferentcurrentdensities,(c)

cyclingperformanceoftheCNFs-Natacurrentdensityof

10.0A ·g-1,(d)gravimetriccapacitanceoftheCNFs-N
andthecontrolsamples measured atdifferentcurrent
densities

filmasseparator,andaqueous H2SO4 solution
(2.0mol·L-1)astheelectrolyte(SeeSec.1for
thedetails).Thetypicalcyclicvoltammetry(CV)

curvesofCNFs-Natsweepratesrangingfrom25
to100mV·s-1arepresentedinFig.4(a).The
nearly rectangular shape suggests a typical
capacitivebehaviorbytheformingofanelectrical
double-layerattheCNF-N/electrolyteinterface.
ThesmallhumpscanbeassignedtotheFaradaic
reactionsofConanoparticlesdecoratedonthe
CNFs-Nfibers.

Furthermore, the galvanostatic charge-
dischargecurvesofCNFs-N (Fig.4(b))collected
atcurrentdensitiesof1.0A·g-1,2.0A·g-1,

and5.0A·g-1presentthatthecellvoltagesare
changingalmostlinearlywithtime,typicalofa
supercapacitor cell[26-29]. The gravimetric
capacitanceis124F·g-1atcurrentdensitiesof
1A·g-1.Inaddition,theNyquistplotofthe
CNFs-Nshowsaverylow seriesresistanceof
0.27�,indicatingexcellentelectricalconductance
oftheCNFs-N.Moreover,thecyclingstabilityof
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theCNFs-Nistestedbygalvanostaticcharge-discharge
atacurrentdensityof10.0A·g-1.Asshownin
Fig.4(c),thespecificcapacitancemaintains92%of
theinitialvalueafter10000cycles,indicatingexcellent
cyclingstability.Ontheotherhand,thegravimetric
capacitancesofthe carbonized ZIF-67 and PAN
measuredat1.0A·g-1areonly75F·g-1and
10F·g-1,respectively (Fig.4(d)),significantly
lowerthanthatoftheCNFs-N,whichindicatesthat
interconnecting ZIF-67 by PAN fibers before
carbonizationiscriticaltoyieldingimprovedspecific
capacitance.Furthermore,wealso measuredthe
electrochemicalperformanceofCNFs-Nin6.0mol·

L-1 KOH aqueouselectrolyte,1.0 mol·L-1

tetraethylammoniumtetrafluoroborate/acetonitrile
(TEABF4/AN),and1.0 mol·L-1 1-butyl-3-
methylimidazolium hexafluorophosphate/

acetonitrile (BMIMPF6/AN ). The specific
capacitancesare59F·g-1,35F·g-1,and32F·

g-1at1A·g-1,respectively,whichdemonstrate
thepossibilityofCNFs-Ntobeappliedaselectrode
materialsforsupercapacitors.

3 Conclusion
In summary, we report a CNFs-N film

obtainedbycarbonizingaZIF-67/PANcomposite
preparedbyelectrospun.TheCNFs-Nfilm with
lateralsizeoftensofcentimetersisassembledby
microfiberswhicharecomposedofinterconnected
carbonsphereswith N contentof6.3%.The
CNFs-Nexhibitsalowseriesresistanceof0.27�

andspecificcapacitanceof124F·g-1at1A·g-1

when served as binder-free electrodesin the
supercapacitordevice.Thespecificcapacitancecan
maintain92%oftheinitialvalueaftertheCNFs-N
isbeingcycledfor10000timesat10A·g-1.The
goodspecificcapacitanceandcyclinglifeandthe
feasibilityinscalingthesizeofCNFs-Npromisean
attractive candidate for high performance
supercapacitors.
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