


iron,carbon-encapsulatedcopper,[8]carbon-encapsulatednickel[9]).Gaseousdetonationisbasedon
explosiondetonation method,usingcombustiblegasesastheexplosionsource.Sofar,nanoscale
TiO2,[10]SiO2[11]andSnO2[12]havebeenpreparedusingthismethod.Basedonthesolidexplosive
detonationsynthesizingCEMNPsandgaseousdetonationpreparingnanometaloxides,inthisstudy,

ferrocenewasselectedasthemetalprecursorandagasmixtureofhydrogenandoxygenwaschosenas
thedetonationmediumtosynthesizecarbon-encapsulatedironnanoparticles.

2 ExperimentalDetails
  Theexperimentwasdividedintotwoparts,oneusingthepowderformandtheotherusingthegasformof
ferroceneastheraw material.Forthedetonationsynthesisfromtheferrocenepowder,groundferrocene
(0.0188mol)wasplaceduniformlyinsidethedetonationtube(Fig.1).[12]Anapproximatevacuum(0.01MPa)

wasthencreatedtherewithavacuumpump,andamixtureofhydrogen(0.174mol)andoxygen(0.174mol)

wasintroducedintothetube.Finally,thegasmixturewasdetonatedbyanelectricalinitiator,andafter0.5h,the
reactionpowderproductwascollected.Table1containstheamountofeachelementbeforeandafterthereaction.
ItcanbecalculatedfromTable1thatthereisanegativeoxygenbalanceinthetube,whichisanecessary
conditionfortheformationofcarbon-encapsulatednanoparticles.

Fig.1 Schematicdiagramofthedetonationtube

Table1 Molaramountofeachatombeforeandafterthereaction

Time H/(mol) O/(mol) C/(mol) Fe/(mol)

Beforereaction 0.536 0.348 0.188 0.0188
Afterreaction 0 0 0.180 0.0188

  Forthegaseousferrocenedetonation,thesameamountoftheferrocenepowderwasplacedinthe
detonationtube.Aftercreatingavacuum,thedetonationtubewasheatedto423Kandmaintainedat
thistemperatureformorethan10minsotheferrocenecouldcompletelysublimatetoagas.Following
this,thesamegasmixtureofthehydrogenandoxygenasdescribedabovewasintroducedintothe
detonationtube.Themixturewasdetonatedbyanelectricinitiatorandthenlefttosettleforabout
0.5hbeforecollectingthepowderreactionproductsfromtheinnerwallofthetube.Bothexperiments
hadobtainedblackmagneticpowder.

3 ResultsandDiscussion
  Thetwoexperimentsbothmadeuseofthehightemperatureandhighpressuregeneratedbythegaseous
detonation,whichcausetheferrocenetodecompose,leadingtothesynthesisofcarbon-encapsulatediron
nanoparticles.Thereactionequationofthegasmixtureofhydrogenandoxygenis

2H2(g)+O2(g ——) 2H2O(g)-483.6kJ (1)

Afterthereactionofthe1∶1gasmixtureofhydrogenandoxygen,accordingtotheaboveequation,

halfoftheoxygenwillnotparticipateinthereaction.Theexcessiveoxygencanreactwiththepowder
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orwiththevaporizedferroceneasfollows
Fe(C5H5)2(s)+5O2(g ——) Fe(s)+5C(s)+5CO(g)+5H2O(g)-2004kJ (2)

Fe(C5H5)2(g)+5O2(g ——) Fe(s)+5C(s)+5CO(g)+5H2O(g)-1902.6kJ (3)

Carbonandhydrogengeneratedbytheferrocenedecompositioncanreactwiththeexcessiveoxygen,

continuingtoreleaseheat;however,theamountoftheoxygenisinsufficienttocompletelyoxidizethe
elementalcarbonandironformed,whichisanimportantforformingthecarbon-encapsulatediron
nanoparticles.

Fig.2showsthetransmissionelectronmicroscopy(TEM)imagesofthesynthesizedproducts
fromtheferrocenepowderdetonation.AscanbeseeninFig.2(a),theparticlesizesarenotuniform.In
someregions,largeparticlesareobservedwithmaximumsizesofabout100nm.Inthehigh-magnification
image(Fig.2(a)),theparticlesizevariesbetween2and30nm.Theindividualparticleshaveadeveloped
core-shellstructure;thethicknessesoftheencapsulatedlayerofthelargerparticlesisupto5-10nm.

Fig.2 TEMimagesofparticlesobtainedbydetonationofsolidferrocene

  Fig.3showstheTEMimagesofthesynthesizedproductsfromthegaseousferrocenedetonation.
ItcanbeseeninFig.3(a)thattheparticlesizesaremoreuniform,withonlyasmallnumberof
particleshavingasizeofapproximately100nm.Aclearcore-shellstructurecanbeseeninFig.3(b)

withanencapsulatedlayerofamoreuniformthickness,typicallynothickerthan5nm.Thisfigure
showsthattheparticlesizeismainlyinrangesbetween5and25nm,incontrasttotheproductfrom
thepowderprecursorinFig.2(b).Moreover,thedegreeofuniformityissignificantlyhigherandthe
numberofverysmallparticlesissmaller.Thus,thenanoparticlessynthesizedfromthegaseousferrocene
precursorareofrelativelyuniformsizeandhavealowdegreeofaggregation.

Fig.3 TEMimagesofparticlesobtainedbydetonationofgaseousferrocene

  Fig.4showstheX-raydiffraction(XRD)patternsof(λ=0.1541nm)theproductssynthesized
fromboththepowderandgaseousferroceneraw materials.Thescananglescorrespondingtothe
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Fig.4 XRDpatternofthegaseousdetonationproducts

maximumdiffractionpeakofthetwoproductsare
both2θ=44.64°.Thediffractionpeaksof44.64°
and65.08°correspondtothe(110)and(200)lattice
planes ofthe body-centered cubiciron (α-Fe),

indicatingthattheproductcontainsalargeamount
ofα-Fenanoparticles.Theotherprominentpeaks
correspondtothelatticeplaneofFe3C,indicating
thattheproductsalsocontainalargeamountof
Fe3C.Inaddition,near2θ=26.40°,diffraction
peakscanbeseeninbothproducts,corresponding
tothecarbon (002)latticeplane,indicatingthat
theproductcontainsgraphiticcarbonoramor-
phouscarbon.TheseresultsareconsistentwiththeTEMimagesinFig.2andFig.3,inwhichafew
tinycarbonparticleswereobserved.Mostoftheseparticleshadacore-shellstructure;theshell,which
hasahighelectronictransmittance,ismainlygraphiticcarbon,andthecorewithlowelectronictransmittance
isα-FeandFe3Cparticles.

TheoccurrenceofFe3Cresultsmainlyfromthereactionbetweencarbonandironunderthehigh
temperaturecausedbythedetonation

3Fe+ 췍췍＝C Fe3C (4)

Fig.5 Iron-carbonalloyphasediagram

Thisiron-carbonreactionisreversible;thedirectionof
reactionisrelatedtotheambienttemperature.Athigh
temperatures,thereactionproceedsintheforward
direction,generatingFe3C;atlowertemperatures,Fe3C
decomposesintoironandcarbon.Thisreactionisused
inthe heattreatmentofsteel,typicallyforthe
annealingtreatmentofmalleableiron.[13]Becausethe
pressureofthegaseousdetonationisnothigh,the
phasetransitionoftheironandcarbonisclosetothat
atnormalatmosphericpressure.Fig.5showsthe
iron-carbonalloyphasediagram.Themeltingpointof
Fe3Cis2110 K.Afterdetonationattemperatures
between2000-2500K,theironinthemoltenstatewill
readilydissolvecarbon,generatingliquidFe3Candeven
dropletsofFe2CorFeC(alargeamountofironexistsintheformoftheseiron-carbondroplets).Withthegas
flowafterwaveturbulencedrivingdropletcollisions,thedropletsgrow.Afterthedetonationwave,withthe
declineingasexpansiontemperature,thedissolutioncapabilityofirondecreasesandcarbongradually
precipitates,generatingFeandFe3Cdropletcoreswithadepositedcarbonshell.Whenthetemperaturedrops
further,asolidsolutionofγ-FeandFe3Cformsandthecoreceasestogrowlarger.Becauseofthedecreasing
solubilityofγ-Feincarbon,Fe3Cfurtherdecomposesintocarbonandelementaliron.Whenthetemperature
dropsbelowthephasetransitiontemperature,asolidsolutionofγ-FeandFe3Cisgeneratedduetothereduced
dissolutioncapacityofcarbon(themaximumcarbonsolubilityofγ-Feis0.0218%at1000K)andFe3C
undergoesaslightdecomposition.

Themagneticloops(Fig.6)ofthesample(theproductsfromthegaseousformoftheferrocene)were
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Fig.6 Themagnetichysteresisloopsofthesample

measuredbyJDW-13VibratingSampleMagnetomete
(maximum magnetic:8487(250/π)A/m)atroom
temperature.Thesaturation magnetization,remanent
magnetization,andcoercivityvalues wereshownin
Table2.FromFig.6andTable2,itcanbeseenthatthe
saturatedmagnetization(Ms)reachesitsmaximum
84.70A·m2/kg,thehysteresisloopisinarelatively
“thin”shape,butstillhavehighcoercivityof8.22.This
indicates that the synthesized carbon-encapsulated
nanomaterialsexhibitsthedualnaturesofhardmagnetic
andparamagnetic.

Table2 Magneticanalysisofthesamples

No. Ms/(A·m2/kg) Mr/(A·m2/kg) Hc/[(250/π)A/m] Mr/Ms

1 84.70 8.22 142 0.097

4 Conclusions
  Carbon-encapsulatedironnanoparticlesweresynthesizedbyusingagaseousdetonationmethodforthe
firsttime.Usinghydrogenandoxygenastheheatsourceforgaseousdetonation,carbon-encapsulatediron
nanoparticleswithacore-shellstructureweresynthesizedbydecomposingferrocenepowderandferrocene
gas.Themainconclusionsofthisworkarereachedasfollows:

(1)Forgaseousdetonationsynthesisofcarbon-encapsulatedironnanoparticles,theparticlesize
variesbetween2and30nm,themaximumparticlesizeiscloseto100nm,theshapeoftheparticlesis
essentiallysphericalandthereisasmalldegreeofparticleaggregation.

(2)Duetotheevenmixtureofgaseousferroceneandexplosivegas,thecarbon-encapsulatediron
nanoparticlessynthesizedthroughdetonationaremoreuniforminsize.Theparticlesizevariesbetween
5and25nm,withfewsmallparticlespresent.Thethicknessofthecarbon-encapsulatedlayerisless
than5nm.

(3)X-rayanalysisshowsthatthenanoparticleshaveα-FeandFe3Ccores.TheFe3Cisformed
becausetheliquidirondissolvescarbonafterthedetonationandbecause,duringthehigh-speed
expansioncoolingprocessofthedetonationgas,partoftheFe3Cthathavenotimetodissolve(i.e,it
isquenchedandretainedinα-Fe).

(4)Analysisofmagnetichysteresisloopsshowsthatsaturatedmagnetization(Ms)reachesits
maximum84.70A·m2/kg,thehysteresisloopisinarelatively“thin”shape,butstillhasahigh
coercivityof8.22.Carbon-encapsulatedironnanoparticlesexhibitthedualnaturesofhardmagnetic
andparamagnetic.

Finally,theexperimentalresearchillustratesthatgaseousdetonationsynthesisofcarbon-encapsulated
nanoparticlesisasyntheticalmethodthatislesstime-consuming,lesspolluting,simpleinoperationandhighin
efficiency,anditcanbeconsideredasamethodforpreparationofnanomaterialswithaprospectfordevelopment.
Adirectionoffutureresearchwouldbetofindouthowtoachievebytheadjustmentthepremixedgas
concentration,pressureandtemperature.
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碳包覆铁纳米颗粒的气相爆轰合成
闫鸿浩,赵铁军,李晓杰,王小红

(大连理工大学工业装备结构分析国家重点实验室,辽宁大连 116024)

  摘要:以粉末状与气态二茂铁为原料,以氢气和氧气混合气体为爆轰能源,采用气相爆轰

法进行了合成碳包覆铁纳米颗粒实验。XRD和TEM实验结果表明,采用两种不同状态的二

茂铁,均得到了纳米碳包覆铁颗粒。该包覆颗粒的组成核为铁或铁碳化合物,外层壳主要由石

墨碳组成,大部分球形纳米颗粒尺寸分布于5~30nm之间。通过对比发现,采用气态二茂铁

爆轰时,所得到的碳包铁粒度分布较为集中,壳层厚度比较均匀,且粒子具有较好的球形状。
最后结合铁碳合金相图,从热处理角度对气相爆轰合成碳包覆铁纳米颗粒的机理进行了分析,
得出产物中α-Fe与Fe3C的形成过程。分析了碳包覆铁纳米颗粒的磁滞回线,其表现出硬磁

性与顺磁性双重性质。
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