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Abstract: Sulfate radical (SO·-4 ), which is usually obtained by
peroxymonosulfate (PMS)activation,hasattracted muchinterestinthe
researchoforganicpollutantdegradationforitshighoxidativecapability.
Herein,aCo@nitrogendopedporouscarbon(Co@NPC)core-shellcatalystis
preparedusing ZIF-67astheprecursorbytwo-step heatingtreatment.
Differentcarbonizationtemperaturesarechosentotunethestructureand
compositionofcarbonshell,anditsrelationshipwithcatalyticperformanceis
investigated.Theresultsshowthatthemesoporevolumeandthecarbonshell
thicknessincreasegraduallywiththeincreaseofcarbonizationtemperature,

whilethecatalyticperformanceisenhanced withtheincreasingratioof
mesoporevolumetocarbonshellthickness.TheCo@NPCcarbonizedat850℃
performsbestforphenoldegradation,whosekineticconstantforphenol
degradationis110.8timeshigherthanthatofheterogeneousCo3O4andeven
4.6timeshigherthanthatofthereportedoptimumhomogeneousCo2+for
PMSactivation.Moreover,theCo@NPCdisplaysgoodstabilityandobvious
reductionofColeachingwhenthenumberofcarbonlayerishigherthan3.
Themesoporevolumeandthicknessofcarbonshellplaysignificantrolesinthe
PMSactivation,whilethecontentofgraphiticNcouldalsoinfluencethe
catalyticperformance.
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0 Introduction

Sulfateradical (SO·-4 )based advanced
oxidation process (AOP) has become an
attractivealternativetothe hydroxylradical
(·OH) based AOP for environmental
remediation,owingtoitsadvantagessuchas
highredoxpotential(2.5-3.2V),longradical

lifetime(20-30μs)andwidepHadaption (2-
8)[1-2].Commonly,SO·-4 couldbegenerated
fromactivatingperoxymonosulfate (PMS)via

UV irradiation[3],thermal activation[4] and

transition metalor metaloxidecatalysis[5-6].
Becausethetransition metalcatalysisenables
effectiveactivationofPMSandneedsnoenergy



addition,thisprocessreceived moreresearch
interest.Inparticular,theCobasedcatalysts
havebeenfoundthebestPMSactivatorinthis
system.However,thehomogeneousCocatalysis
processsuffersfromthetoxicCoionsdischarge
and difficult catalysts recycle[7-8]. The
heterogeneousCo-basedcatalystscouldalleviate
thesedrawbacks,buttheyusuallyexhibitlow
catalyticefficiency resulting from the metal
aggregation and reduced mass transfer[9].
Moreover,the Coleaching ofheterogeneous
metalcatalysts remains serious due to the
instabilityofCo-basedcatalystsinaqueoussolution,
inducingthe adverse effectto environment.
Therefore,itishighlydesirabletodesigna
novel,effectiveandstablePMScatalyst.

EncapsulatingtheConanoparticlesintoa
porousshelltoformacore-shellstructuremay
alleviatetheaboveproblems[9].Ontheone
hand,the porous shell could impede the
aggregationandleachingofConanoparticles,
andprotecttheinsideConanoparticlesfrom
outside harsh environment[10].Ontheother
hand,the porous structure facilitates the
transportofreactantandproducts[11].Zeng,
etal.[9]constructedayolk-shellCo3O4@metal-
organicframeworks(MOFs)catalystforPMS
activation,forwhichthedegradationefficiency
of4-CPreachedalmost100% within60 min
compared to only 59.6% under the same
conditions for bare Co3O4 nanoparticles.
However,inthatworktheMOFsshellshowed
nocatalyticactivity.Thecatalyticefficiencyof
core-shellcatalystwouldbelargelyimprovedif
bothcoreandshellcouldserveastheactivesites
forPMSactivation.

Carbonmaterialsarebelievedtobeideal
materialsforconstructingtheshellofcore-shell
catalystsduetoitslargesurfacearea,good
chemicalstabilityandlowcost[12].Especially,
the intrinsic catalytic capability of carbon
materials makes it possible for them to
participatethecatalyticreaction[13].Recently,
thecarbon materialssuchasactivatecarbon,

grapheneandporouscarbonhaveshowntheir

capabilityin PMSactivation.Moreover,the
heteroatomdopingmethodsuchasthenitrogen
dopingwasfoundtofurtherenhancethecatalytic
efficiencyofcarbontowards PMS becausethe
nitrogen with higher electronegativity than
carboncouldinducehigh positivechargeon
carbon and effectively activate it, thus
promoting the adsorption and activation of
negativelychargedPMSoncarbon[14-15].

Inspired byit,constructing a core-shell
catalystwithnitrogendopedporouscarbonas
theshellandConanoparticlesasthecoremay
formahighlyefficientandstablecatalystfor
PMS activation. The Co encapsulated by
nitrogendopedporouscarbonpossessesseveral
advantagesin PMS activation: (1)It was
reportedtheinteractionsbetweenCocoreand
carbon-shellcouldreducetheworkfunctionof
carbonshellandenhanceitselectron-donating
capability in the Co @ carbon core-shell
structure[16].Hence,thedopednitrogenand
encapsulatedComaysynergisticallymodifythe
electronicstructureofcarbonandenhancethe
catalyticactivityofcarbon,whichisbeneficial
fortheenhanced PMSactivationoncarbon.
(2)Theporouscarbonshellisfavorableforthe
transportofthePMSandproducts.(3)The
porous carbon shell protects the Co from
aggregation and leaching, improving the
stabilityofcatalysts[17].TorealizehighPMS
catalyticefficiencyonthiscore-shellcatalyst,it
iscriticaltorationallydesignandregulatethe
carbonshell.Thethincarbonshellisfavorable
forthemasstransferandtheinteractionbetween
carbonshellandCocore,whilethethickcarbon
shell could alleviate the metal leaching.
However,facileandeffectiveregulationoverthe
shellstructureduringthedevelopmentofthe
core-shellcatalystremainsachallenge.

The metal-organicframeworks (MOFs),

composedofmetalclusterandvariousorganic
ligands,areidealprecursorstoconstructthe
metal@ carbon nanostructure through the
carbonization treatment[18-19]. Moreover,the
carbonshellthicknessandcompositioncouldbe
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controlled via controlling the carbonization
processandtemperature[20-21].Inthiswork,the
ZIF-67,aMOFrichinCoandN (Cocontent:
25.8%,Ncontent:26.7%),wasusedasthe
templatetoconstructtheCo@nitrogendoped
porouscarbon(Co@NPC).Differentcarbonization
temperature(750℃,850℃and950℃)were
chosentopreparethecarbonshellwithdifferent
structures and compositions. The phenol,
bisphenolA andrhodamineB wereusedto
evaluatethecatalyticperformanceofCo@NPC
forPMSactivationandtheeffectofcarbon
structureandcompositiononcatalyticperformance
wasstudied.Furthermore,thepossiblecatalytic
mechanismwasexplored.

1 Experiment

1.1 PreparationofZIF-67
ThetypicalpreparationprocessofZIF-67

wasasfollows.SolutionA:2.25gCo(NO3)2·
6H2Owasdissolvedin15mLultrapurewater.
Solution B:27.5 g 2-methylimidazole was
dissolvedin100mLultrapurewater.Thenthe
solutionAwasslowlyaddedintothesolutionB
andstirredfor6h.Thecatalystswereobtained
throughcentrifugingat8000r/minfor10min.
Theresultingcatalystswerethenwashedwith
methanolandultrapurewaterrespectively,and
finallydriedat50℃inoven.
1.2 PreparationofCo@NPC

Co@NPCwaspreparedthroughcarbonization
ofZIF-67.Typically,forthepreparationof
Co@NPC,thepowderofZIF-67washeatedto
450℃ (5℃·min-1)inatubefurnaceunderAr
gasflow,andmaintainedatthistemperaturefor
2h.Thisprocessinvolvedthecollapseofthe
frameworkandtheformationofnewcomponent.
Thenthetemperatureiselevatedto750℃,850℃
and950℃respectivelyandmaintainedatitfor
1htorealizethecatalyticgraphitizationbyCo
metal.Thistwo-stepcalcinationresultedinthe
final Co @ NPC core-shell catalyst. For
convenientdescription,theCo@NPCcarbonized
at750℃,850℃and950℃weredenotedasCo
@NPC-750,Co@NPC-850andCo@NPC-950.

1.3 Characterization
Themorphologiesofcatalystswererevealed

byfieldemissionscanningelectronmicroscope
(HitachiS-4800,FE-SEM)andtransmission
electronmicroscopy(FEI-TecnaiG220,TEM).
The structure properties of the catalysts
includingthecrystalstructureandcarbonization
degree were performed by X-ray diffraction
(ShimadzuLabXXRD-6000,XRD)andRaman
spectrum (Renishaw Micro-RamanSystem2000
Spectrometer).Theporestructureandspecific
surface area of catalysts were determined
through N2adsorption-desorptionisothermsat
77K withaQuadrasorbinstrument.TheCo
contentwas measured byICP-AES (Optima
2000DV).Theelementcompositionandspecies
distribution were characterized by X-ray
photoelectronspectroscopy (XPS)gotfroma
VG ESCALAB250spectrometerusinganon
monochromatizedAlKαX-raysource(1486.6eV).
1.4 Evaluationofcatalyticperformance

Thecatalyticperformanceofcatalystswas
evaluatedthroughpollutantremoval.Initially,

2.5 mgCo@NPCcatalystwasdispersedin
50mLsolutioncontaining20mg·L-1phenol.
Phosphatebuffer(1mmol·L-1,pH7)was
addedintothesolutiontomaintainthepHat7.
Thesolutionwasstirredtoreachtheadsorption-
desorptionequilibrium,andthen1.6mmol·L-1

PMSwasaddedtoinitiatethereaction.1mL
solutionwaswithdrawnatthegiventimeand
filteredthrougha0.22μm milliporefilmfor
further analysis. 0.1 mL methanol was
immediatelyinjectedintothereactionsolution
forscavengingtheresidualradicals.Theeffects
ofcatalystdosage,PMSloadingandpH on
degradationefficiencyofphenolwereevaluated.
ThepHofsolutionwasadjustedbyadding0.1
mmol·L-1 HClorNaOH.Inthereusability
testofcatalyst,theusedCo@NPCwascollected
viavacuumfiltrationandwashedwithultrapure
water(resistivityisbiggerthan18MΩ·cm).
1.5 Analyticmethods

Theconcentrationsofphenolandbisphenol
A(BPA)wereanalyzedbyahighperformance
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liquidchromatography (HPLC,Waters).The
mobile phase was 30% methanoland 70%
ultrapurewaterataflowrateof1mL·min-1.
TheorganicswereseparatedbyaC-18column
and determined by a PDA detector. TOC
concentrationofaliquotsampleswasdetermined
usingatotalcarbonanalyzer(ShimadzuTOC-
VCPH,Japan).Theconcentrationofrhodamine
B (RhB) was measured by a UV-vis
spectrometeratλ=552nm.

2 Resultsanddiscussion

2.1 ThecharacteristicsofCo@NPC
ThemorphologiesofZIF-67andCo@NPC

werecharacterizedusingSEM andTEM.As
showninFig.1,SEMimagesofZIF-67and
Co@NPC-850illustratethesimilarpolyhedral
structure,indicatingthecarbonizationprocess
doesnotdestroythestructureoftheoriginal
morphologyofZIF-67.Theaveragesize of
ZIF-67isaround300nm,yetreducedtoaround
100nmforCo@NPC-850,whichispossibly
owingtothechangesoftheprecursorstructure
andthelossofoxygencontaininggroupsduring
thecarbonizationprocess.TEMimagesfurther
showthemicrostructureofCo@NPCcarbonized
atdifferenttemperatures(Fig.2).Itisfound
thattheConanoparticlewithalatticefringeof
0.208nmiscompletelyencapsulatedbycarbon
cagesin3-10layers.Thelatticefringeofcarbon
layersis0.342nm,whichisassignedto(002)

planeofgraphene.Theseresultssuggestthatthe
as-synthesizedCo@NPCsamplesdemonstratea
core-shellstructureandretainahighlyordered
structureofgraphiticstructure.Thecarbon
layers of Co@NPC-750, Co@NPC-850 and
Co@NPC-950are3,5and8,respectively.The
ConanoparticlesinCo@NPC-950couldnotbe
clearlyobservedonTEMimagesbecausethey
arecompletelyencapsulatedbyrelativelythick
carbonlayers.Theseresultsrevealthatthe
thicknessofgraphiticcarbonincreaseswiththe
increasingcarbonizationtemperaturesandthereafter
contributestoanincreasedcarbonlayers.

Fig.1 TheSEMimagesofZIF-67andCo@NPC-850

Fig.2 TheTEMimagesofCo@NPC

Ramananalysiswasalsocarriedouttoget
structuralinformationofCo@NPC.Asshown
inFig.3(a),thecharacteristicDband(defect
carbon structure)and G band (graphitized
carbonstructure)appearat1360cm-1and1580
cm-1,respectively.Therelativeintensityofthe
DandGpeaks(ID/IG)ofCo@NPCdecreases
with the increment of carbonization
temperatures, suggesting the higher
carbonization temperature results in better
graphitization degree. Furthermore, XPS
measurements were conducted to revealthe
elementcompositionofCo@NPC.Asshownin
Fig.3(b),thecharacteristicpeaksofCo,Nand
CareclearlyobservedonallCo@NPCsamples,

illustratingbothCoandNaresuccessfullydoped
intocarbonlattice.Moreover,theCoand N
contentsgraduallydecreasewiththeincreaseof
carbonizationtemperature (Tab.1),whichis
ascribedtothegrowingthickcarbonlayersand
thelossofN-containinggroups.
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(a)Ramanspectra

(b)XPSspectra
Fig.3 RamanspectraandXPSspectraofCo@NPC-750,

Co@NPC-850andCo@NPC-950

Tab.1 ElementcompositionofCo@NPC

Sample
Atomicmassfraction/%

C N O Co

Co@NPC-750 64.57 22.68 11.68 1.07

Co@NPC-850 87.82 4.54 6.67 0.97

Co@NPC-950 88.36 3.25 7.71 0.68

2.2 ThecatalyticperformanceofCo@NPC
ThecatalyticperformanceofCo@NPCfor

PMSactivationwasevaluatedusingphenolas
the model pollutant. For comparison,the
homogeneous Co2+ and heterogeneous Co3O4
wereemployedasreferences.Fig.4(a)shows
thatalmostnophenolisremovedbyPMSalone
after60 min,meaningthePMSitselfcould
hardly oxidizethe phenol.Lessthan 10%
phenolisremovedwhenonlythecatalystsare
addedintothesolution,whichis probably
attributed to the adsorption of phenol on
catalyst.AftertheadditionofPMS,thephenol
concentrationrapidlydecreases.TheCo@NPC-
850/PMSperformsbestwithalmostcomplete
removal(about100%)ofphenolwithin15min,

followed by the Co @ NPC-950/PMS and

Co@NPC-750/PMS, which could almost
completelyremovephenolwithin30 minand
60min,respectively.Underthesamecatalyst
dosage,theCo@NPC-850/PMSperformsbetter
thanheterogeneousCo3O4/PMSwhichremoves
only30% phenol within 40 min,and even
outperformsthehomogeneousCo2+/PMS (the
mosteffective PMS catalyticsystem)which
removesabout100%phenolwithin40min.

(a)PMSactivationbyCo@NPC

(b)Kineticconstant
Fig.4 Catalyticperformanceforphenoldegradation

(Ccat=0.05g·L-1,cPMS=1.6mmol·L-1,

Cpoll=20mg·L-1,θ=25℃,initialpH=
7.0)

The degradation process of phenol by
Co@NPC/PMSisfittedwellwiththepseudo-
first-orderreaction.AsshowninFig.4(b),the
kinetic constants of phenol oxidation on
Co@NPC-750,Co@NPC-850,Co@NPC-950,

homogeneousCo2+andheterogeneousCo3O4are
0.075min-1,0.410min-1,0.150min-1,0.089
min-1and0.0037 min-1,respectively.The
Co@NPC-850showsbestperformanceforPMS
activation,whosecatalyticefficiencyforphenol

533 第4期   WANGGuanlong,etal:EncapsulationofCometalbynitrogendopedporouscarbonforcatalyticremovaloforganicpollutants



degradationis4.6timesand110.8timesthatof
homogeneousCo2+ andheterogeneousCo3O4,

respectively.
OtherrecalcitrantpollutantsincludingBPA

and RhB werealsoselectedtoevaluatethe
catalyticperformanceofCo@NPC (Fig.5).
Theresultsshowthatnearly100% BPAand
RhBareremovedby Co@ NPC/PMS within
30min.Thekineticconstantsforthedegradation
ofphenol,BPA and RhBreach0.41min-1,

0.87min-1 and 0.16min-1,respectively.It
indicatesthatthe Co@NPC/PMS system is
capableofremovingvariousrefractoryorganic
pollutants.

(a)Co@NPC/PMSsystem

(b)Kineticconstant

Fig.5 Catalytic performancefor degradation of

differentpollutants(Ccat = 0.05g·L-1,

cPMS =1.6mmol·L-1,Cpoll=20mg·L-1,

θ=25℃,initialpH=7.0)

2.3 The effects of catalyst dosage, PMS
concentration and pH on the catalytic
performanceofCo@NPC
AsshowninFig.6(a),thephenoldegradation

efficiencyis enhanced with theincrease of
catalystconcentration.Fig.6(a)showsthatthe

kinetic constant of Co @ NPC for phenol
degradationincreasesfrom0.071min-1at0.01
g·L-1catalystdosageto1.00min-1at0.10
g·L-1 catalyst dosage.The higher catalyst
concentrationcouldprovidemoreactivesitesfor
radical generation,thus leading to better
catalyticperformance.

(a)Catalystdosage

(b)PMSconcentration

(c)pH

Fig.6 Theeffectsofconditionsonphenoldegradation

Similarly, higher PMS dosage also
contributes to higher catalytic efficiency
(Fig.6(b)).The kinetic constantincreases
from0.21min-1to0.90min-1whenthePMS
dosageincreasesfrom0.8mmol·L-1to3.2
mmol·L-1.However,onlyaslightincreaseof
kineticconstant (from 0.90 min-1 to1.00
min-1)is observed when the PMS dosage
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furtherincreasesto6.4mmol·L-1.Itisknown
theSO·-4 or·OHwouldbequenchedbyexcess
PMS(Eq.(1)and(2))[15],theslightincrease
ofdegradationefficiencymaybeascribedtothis
quenchingeffect.

SO·-4 +HSO-5 →SO·-5 +SO2-4 +H+ (1)
·OH+HSO-5 →SO·-5 +H2O (2)

Fig.6(c)showsthattheCo@NPC/PMS
systemexhibitseffectivedegradationofphenol
overawidepHrange(3-9),whichliesinthe
pHrangeofthenaturalwaterandwastewater.
The kinetic constant of phenol degradation
increasesfrom0.19min-1atpH=3to0.41
min-1atpH=7,butthenslightlydecreasesto
0.28min-1atpH=9.AccordingtothepKaof
PMS(pKa1<0andpKa2=9.4),PMSmainly
existsasHSO-5 whenpHrangesfrom3to7.In
acidiccondition,theH+preferstobindwiththe
O—OgroupofHSO-5 viatheH-bondbinding.
TheelectrostaticrepulsionbetweenHSO-5 and
thepositivelychargedsurfaceofCo@ NPC
(pHpzcisaround7.2)causesthedecreased
catalyticefficiency.AtthepH of9.6,the
phenoldegradationefficiencydecreasesdueto
theself-decompositionofHSO-5 .
2.4 ThereusabilityandstabilityofCo@NPC

ThereusabilityofCo@NPCcatalystsfor
phenoldegradationispresentedinFig.7(a).
Therepetitionusecausesalmostnodeclineof
thecatalyticactivityofCo@NPCforphenol
degradation,suggestingthegoodreusabilityof
Co@NPC.Tofurtherevaluatethestabilityof
Co@NPC,theColeachingineachreactioncycle
wasdetected.Fig.7(b)showsthatthe Co
leachingofCo@NPC/PMSsystem decreases
graduallyfrom0.25mg·L-1inthe1strunto
0.01mg·L-1inthe5thrun.Thisvalueis
muchlowerthantheNationalStandardforCo
Discharge(GB25467-2010,1mg·L-1).The
lowColeachingofCo@NPCmaybeascribedto
theprotectiveeffectofcarbonshell.Fig.7(c)

shows the Co leaching of the Co@NPC
carbonizedatdifferenttemperatures.Itcouldbe
foundtheColeachingobviouslydecreaseswhen

thecarbonizationtemperatureincreasesfrom
750℃to850℃.TheColeachingreaches1.03
mg·L-1,0.25mg·L-1and0.08mg·L-1for
theCo@NPCcarbonizedat750℃,850℃and
950℃,respectively.TheColeachingislargely
reducedwhenthecarbonlayerismorethan3.

(a)ThereusabilityofCo@NPC

(b)Coleachingineachcycle

(c)ColeachingofdifferentCo@NPC

Fig.7 The reusability of Co@NPC for phenol

degradationasafunctionoftime,Coleaching
ineachcycleanddifferentCo@NPC

2.5 ThecontributionofradicalsinCo@NPC/

PMSsystem
Inordertodisclosetheradicalformationin

Co@NPC/PMSsystem,theradicalquenching
experiments were conducted.It is widely
acceptedthatthealcoholswithanαhydrogen
suchasmethanolcouldreadilyreactwithboth
·OHandSO·-4 radicals.Alcoholswithoutanα
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hydrogen,suchastert-butylalcohol(TBA),

arealsoreadilyreactivetoward·OH,buttheir
reactionwithSO·-4 isover1000-foldslower[10].
Thus,methanolandTBAwereusuallyusedto
differentiateSO·-4 from·OH.Fig.8(a)shows
slightdecreaseofphenolremovalwhenTBAis
addedinthereactionsystem,andthereaction
rateofphenoldegradation decreasesslightly
from0.41min-1(withnoquencher)to0.35
min-1ataTBAandPMSmassratioof1000
(Fig.8(b)),implyingalmostno·OHispresent
intheCo@NPC/PMSsystem.Incomparison,

significantdecreaseofphenolremovalcouldbe
observed when different concentrations of
methanolwereadded(Fig.8(a)).Thereaction
rateofphenoldegradationdecreasesdramatically
to0.0043min-1ataMeOHandPMSmass
ratioof1 000,indicatingthe SO·-4 isthe
primary reactive speciesin catalytic system
       

(a)Phenoldegradation

(b)Kineticconstant

Fig.8 Phenoldegradationasafunctionoftimeand

kineticconstantofphenoldegradationwith

theadditionofTBAandMeOH

(Fig.8(b)). Notably, still 40% phenol
degradationisachievedafterMeOHquenching,

which suggeststhe existence of non-radical
pathwayinthecatalyticsystem.Asreportedin
previousresearches,thenon-radicalmechanism
referstotheprocessthattheCo-N-PCservesas
themediatortoconducttheelectrontransfer
fromtargetcompoundtoPMS,leadingtothe
oxidationoftargetcompoundwithoutgenerating
radicals[22].
2.6 ThepossiblecatalyticmechanismofCo@NPC

Itisgenerallyacceptedthatthecatalyst
withhighspecificsurfaceareaisfavorablefor
thecatalytic reactions becauseit can offer
abundantcatalyticsites.ForCo@NPC,their
specific surface area follows the order of
Co@NPC-950>Co@NPC-850>Co@NPC-750
(Tab.2),whereastheirreactionratefollows
anotherorderofCo@NPC-850>Co@NPC-950
> Co@ NPC-750.Thisresultsuggeststhe
surfaceareaofCo@NPCcatalystisnotthe
primary factor responsible for its catalytic
behavior,andotherfactorsmaydominatethe
performanceofcatalysts.Moreover,itisnoted
themesoporevolumeofCo@ NPCincreases
gradually with theincrease ofcarbonization
temperature.Thehigher mesoporevolumeis
beneficialforthereactanttransport.

Tab.2 BETvalue,totalporevolumeandmesopore

volumeofCo@NPC

Sample
BET/

(m2·g-1)

Totalpore
volume/
(cm3·g-1)

Mesopore
volume/
(cm3·g-1)

Co@NPC-750 183 0.22 0.18

Co@NPC-850 294 0.54 0.46

Co@NPC-950 365 0.68 0.55

Asreportedinpreviouswork,thegraphitic
Nmaygreatlyinfluencethecatalyticactivityof
NdopedcarboninPMSactivation[21].Tocheck
thepossibleinfluenceofgraphiticN,theXPS
spectra wereperformedtoinvestigatethe N
speciesofCo@NPC.Thefourpeakscorresponding
tographitic-N (401.1eV),pyridinic-N (398.5
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eV),pyrrolic-N (400.5 eV)and Co-N
coordination site (Co-Nx ) (399.2 eV)[23]

respectivelyarepresentineachCo@NPC.The
contentofNspeciesindifferentCo@NPCwas
summarizedin Tab.3,which wascalculated
fromthetotalNcontentandtheirrespective
proportion.Tab.3showsthattheCo@NPC-750
possesseshighergraphiticNcontentthanthatof
Co@NPC-950,but its catalytic activity is
poorer.TheresultsdemonstratethegraphiticN
isnotthecriticalfactorforPMSactivation.In
addition,theoccurrenceofCo-Nxsuggeststhe
Cocorecould producetheinfluenceonthe
carbonshell,whereas with theincrease of
carbonizationtemperature,theCo-Nx content
decreases gradually,suggesting the thicker
carbonshellrestrictstheinteractionbetweenCo
andcarbon.

Tab.3 ContentofdifferentNspeciesinCo@NPC

Sample
Atomicmassfraction/%

Graphitic-N Pyridinic-N Co-Nx Pyrrolic-N

Co@NPC-750 1.07 3.22 10.20 8.28

Co@NPC-850 1.23 1.17 1.08 1.05

Co@NPC-950 0.85 0.73 0.62 1.05

AccordingtotheresultofRamanspectra,

the graphitization degree of Co @ NPC is
enhanced with theincrease ofcarbonization
temperature.Theenhancedgraphitizationdegree
meansmoresp2hybridizedcarbonstructureis
presentinthecarbonshell,andthesp2hybridized
carbonstructurecouldprovideplentifulfree-
flowingπelectronsfortheelectrontransfer
reaction. Moreover,the high graphitization
degreeisfavorableforformingthethickcarbon
layerswhichinhibitthemetalleaching.Inthis
work,the Co@ NPC-850and Co@NPC-950
exhibits higher graphitization degree than
Co@NPC-750,andthemetalleachingofinstable
Co@NPC-750ismuchhigherthanthatofCo@
NPC-850andCo@NPC-950(Fig.9),leadingto
thehighercatalyticactivityofCo@NPC-850and
Co@ NPC-950thanthatofCo@ NPC-750.
Besides,theCo@NPC-850andCo@NPC-950

possesshighermesoporevolumethanthatof
Co@NPC-750,whichisbeneficialforreactant
transfertothesurfaceofcatalyst.

Interestingly,althoughtheCo@NPC-950
displays higher graphitization degree and
mesopore volume than Co@NPC-850, the
catalyticactivityofCo@NPC-950isstillinferior
tothatofCo@NPC-850.Thisphenomenonmay
beexplainedbytwopossiblereasons:Firstly,as
showninTab.3,theCo@NPC-850possesses
highergraphiticNcontent.Secondly,theTEM
results indicate that the carbon layer of
Co@NPC-950 is thicker than that of
Co@NPC-850.Although thethick graphitic
carbonlayercanprotecttheCofromleaching,it
enhancestheresistanceforreactanttransferand
weakenestheinteractionbetweenCocoreand
carbon shell,thus resulting in the poorer
catalyticperformanceofCo@NPC-950thanthat
ofCo@NPC-850.

Forbetterunderstandingtherelationship
betweenthestructureofcarbonshellandthe
catalyticactivityofCo@NPC,theratioofmesopore
volumetocarbonshellthicknessfordifferent
Co@NPCwascalculated.AsshowninFig.9,

thecatalyticactivityofCo@NPCissignificantly
enhanced with theincrease oftheratio of
mesoporevolumetocarbonshellthickness.This
resultconfirmsthatthemesoporevolumeand
thecarbonshellthicknessplayimportantrolein
thecatalyticperformanceofCo@NPCforPMS
activation.

Fig.9 The relationship between the value of

mesopore volume/carbon shellthickness
(v/d)andthekineticconstantforphenol

degradationonCo@NPC
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3 Conclusion

Two-stepheatingtreatmentwasemployed
forpreparingtheCo@NPCcore-shellcatalysts.
TheCo@NPCdisplayssignificantlyenhanced
catalyticactivitywiththeincreaseoftheratio
between mesopore volume and carbon shell
thickness.The kineticconstantofthe best
Co@NPCis4.6times higherthanthatof
homogeneousCo2+and110.8timeshigherthan
thatofCo3O4.TheCo@NPCalsodisplaysgood
stabilityin phenoldegradation andless Co
leaching(lessthan0.25 mg·L-1).Sulfate
radicalisthemainreactiveradicalpresentinthe
Co@ NPC/PMS system responsibleforthe
pollutantdegradation.The mesoporevolume
andcarbonshellthicknessplaykeyroleinCo@
NPCforPMSactivation,whilethegraphiticN
contentalsoinfluencesthecatalyticperformance.
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氮掺杂多孔碳包覆钴金属催化去除有机污染物
王 冠 龙, 毕 晨 曦, 陈  硕*, 全  燮, 于 洪 涛

(大连理工大学 工业生态与环境工程教育部重点实验室,辽宁 大连 116024)

摘要:活化过硫酸氢盐(PMS)产生具有强氧化能力的硫酸根自由基(SO·-
4 )的高级氧化技

术在有机污染物降解方面正受到越来越多的关注.选择ZIF-67为前驱体通过两步热处理构

建氮掺杂多孔碳包覆钴金属的核壳催化剂(Co@NPC),并通过改变碳化温度调控多孔碳壳

的结构与组成,研究多孔碳结构组成对催化性能的影响.实验结果表明,随着碳化温度的升

高,介孔孔容与碳壳厚度逐渐增大,催化剂的性能随着介孔孔容与碳壳厚度比值的增加而显

著提高.850℃碳化的Co@NPC催化降解苯酚的动力学常数是多相催化剂四氧化三钴的

110.8倍,甚至是之前报道过最优的PMS催化剂均相钴离子的4.6倍.此外,当包覆的碳层

数大于3时,Co@NPC表现出良好稳定性,钴溶出明显减少.碳壳的介孔孔容与厚度是影响

PMS活化的重要因素,Co@NPC的催化性能还受到石墨氮含量的影响.

关键词:过硫酸氢盐(PMS);硫酸根自由基;氮掺杂多孔碳;核壳催化剂;苯酚降解
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