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Abstract

SynthesisofSilverHollow Structurefrom Silver

OxideTemplate,andPredictingtheRadiusof

AssembledStructure:ExperimentalandTheoretical

New Approach

         Jo, Jihee

       Advisor : Prof. Lim, Jong Kuk, Ph.D,

       Department of Chemistry,

       Graduate School of Chosun University

제 1장.

현재까지 다양한 나노입자를 합성하기 위한 여러 가지 방법들이 개발되어

왔는데,그 중 효과적인 방법 중 하나는 “템플레이트 기반 접근법”이다.이

방법에서는 나노입자의 크기나 모양이 사용된 템플레이트의 크기와 모양에

의해 제한되기 때문에,템플레이트를 사용하지 않았을 경우 보다 더 다양한

형태 다양한 크기의 나노입자를 손쉽게 만들 수 있다는 장점을 가지고 있다.

예를 들어,은 나노입자를 템플레이트로 이용하여 속이 빈 금 나노입자를

쉽게 만들 수 있다.은 나노입자를

금 이온이 녹아있는 용액 안에 넣

었을 때,은 나노입자는 쉽게 은

이온으로 산화되어 용해된다.동시

에 금 이온은 환원되어 은 나노입

자 부근에 증착되는데,이러한 일

련의 방식을 거쳐 은의 크기와 모

양을 따르는 속이 빈 금 나노입자



가 형성되게 된다.이 방식은 쉽고 간단하게 속이 빈 금 나노입자를 만들 수

있다는 장점이 있지만 은 자체가 템플레이트로 이용되고 있기 때문에,이 방

법을 이용하여 속이 빈 은 나노입자를 합성하기는 어렵다는 단점을 가지고

있다.

이 논문에서,우리는 할로우 실버 나노구조를 만들기 위해 산화은을 템플

레이트로 이용하는 방법을 소개하고자 한다.먼저 우리는 새로운 리간드를

이용하여 산화은(Ag2O)헥사포드(hexapod)를 합성하였고,그것을 속이 빈 은

헥사포드를 합성하기 위한 템플레이트로써 이용하였다.산화은 헥사포드는

소듐보로하이드라이드(NaBH4)를 이용하여 쉽게 은 헥사포드로 환원될 수 있

는데 환원과정에서 헥사포드의 크기와 모양이 유지됨을 확인하였고,부분적

으로 속이 빈 은 헥사포드입자가 형성됨을 다양한 분석학적 기술을 동원하여

확인하였다.

제 2장.

폴리피롤-골드로 구성된 세그먼트 나노와이어들은 양극산화 알루미나

(AAO)템플레이트를 이용하여 쉽게 만들어 질 수 있는데,이러한 세그먼트

나노와이어들은 특정 조건에서 휘어진 자기조립 거대구조체를 형성하게 된

다.자기조립 거대구조체는 재료들을 담을 수 있는 내부 공간을 가진 캡슐과

같은 형태로 디자인되어질 수 있고,또한 그들의 개폐가 외부 자극에 의해

통제되어질 수 있기 때문에,이 구조는 개인의 아이디어에 따라 다양한 방면

에 응용되어질 수 있을 것이다.이러한 응용을 위해서 우리가 알아야 할 유

용한 정보 중 하나는 캡슐의 내부 공간 부피이다.그리고 내부 공간의 부피



는 J.K.Lim (Bull.KoreanChem.Soc.33,2699(2012))에 의해 제안된 일

반적인 식을 이용하여 계산되어질 수 있다.그러나 여기서 제안된 식은 몇

가지 가정을 기반으로 유도가 된 식인데,본 논문에서 우리는 이러한 가정

없이 캡슐의 내부 공간 부피를 계산할 수 있는 새로운 접근법을 소개하고자

한다.여기서 새롭게 소개된 공식을 이용하여 캡슐형태의 거대구조체의 내부

공간 부피를 계산하고 이전 공식을 이용하여 얻어진 결과와 비교한다.
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Chapter One.

The Synthesis of Silver 

Hexapods using Silver Oxide 

Hexapods as Templates
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1.Abstract

Many differentmethodshavebeen developed to synthesizeavariety of

nanoparticles.Onepowerfulmethodtomakenanoparticlesisthetemplate-based

approach.Because the size orshape ofnanoparticles is confined by such

templates,morediversenanoparticlescanbeobtainedusingthetemplate-based

method.Forexample,hollow gold (Au)nanostructuresareeasily fabricated

using silver(Ag)nanoparticlesastemplates.Ag nanoparticlesin asolution

containingAuionsarereadilyoxidizedtoAgionsanddissolved,whileAuions

arereducedanddepositedinthevicinityoftheAgnanoparticles.Becausethe

reactivityofAuionsislowerthanthatofAgions,thisexchangereaction

readilyoccurs,resultinginhollow Aunanostructures.Inthispaper,weusean

unprecedentedapproachtomakehollow Agnanostructures.WesynthesizeAg2O

hexapodsusinganew methodandusethem astemplatesforthesynthesisof

hollow Aghexapods.Interestingly,thesynthesizedAg2O hexapodsarereduced

by sodium borohydride and are

quickly transformed into Ag

hexapods,keepingtheirshape.We

show experimental evidence for

this unprecedented shape-retaining

reduction of semiconductors into

metals,and propose a plausible

mechanism.
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2.Introduction

Metalnanoparticlescanbeappliedinmanydifferentareassuchasbiological

diagnostics1,chemicalsensing2,plasmonics3,electronics4,therapeutics5,6,and

catalysis
7,8
.In the pastfew decades,many synthetic methods have been

developed tocontroltheirsize,shape,andcomposition,and techniquesnow

existforpreparing gold (Au)orsilver(Ag)spheres
9
,wires

10,11
,triangular

prisms12,cubes13,triangularbipyramids14,tetrahedra15,octahedra16,decahedra17,or

disks
18,19
. One of these novel methods developed to synthesize metal

nanoparticlesisthetemplate-basedapproach.A varietyoftemplatesincluding

porousmembranes
11
,micelles

20
,polystyrenemesospheres

19
,blockcopolymers

21
,or

evenmetalnanoparticles22 havebeensuccessfullyusedforthisprocess.Since

thegrowthofnanoparticlesisconfinedtosuchtemplates,thistemplate-based

method allows one to better tailor the shape,size,and composition of

nanoparticles
23
.Forexample,Xiaandcoworkersdemonstratedthathollow Au

nanostructures are easily synthesized by a “galvanic replacementreaction”

whereAgnanoparticlesactastemplates.Thismethodisbasedonthedifferent

reactivity ofAuandAg andthereplacementreactionbetween them.When

placedinasolutioncontainingAuions,Agnanoparticlesareeasilyoxidized

anddissolvedintothesolution,whileAuionsarereducedanddepositedinthe

vicinityoftheAgnanoparticlesinsteadofthedissolvedAgions,becauseof

the higher standard reduction potential of Au ions. The reduced Au

nanoparticles form a shell-like structure around the Ag nanoparticles,and

finallyform differenthollow Aunanostructureswithavarietyofshapes.The

authors also expected that it is possible to make hollow Pt and Pd

nanostructures using the same technique,because the standard reduction

potentialsofPtandPdarealsohigherthanthatofAg.Asexpected,they

successfullysynthesizedhollow PtandPdnanotubes.Thisgalvanicreplacement
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methodisappropriateforfabricatinghollow Au,Pt,orPdnanostructures,butit

is difficultto use the same technique to make hollow Ag nanostructures,

becauseAgnanoparticlesthemselvesareusedasthetemplateinthismethod,

andthestandardreductionpotentialofAgisrelativelylow.Therefore,onlya

few papers on the synthesis of hollow Ag nanostructures have been

published
24,25
.

Herein, we introduce an unprecedented approach to make hollow Ag

nanostructures.ThismethodisbasedupontheideathatAg2Ocouldbereduced

toAg.BecausethereductionofAg2O toAgiswellknownreaction
25,26
,and

canbe accomplishedbyhydrogengas,orsodium borohydride(NaBH4),one

may doubtifmorphology-controlled Ag2O particles may transform into Ag

particleswhileretaining theirsizeand shape.Asan example,Yang etal.

demonstratedthatitispossibletofabricatesizeadjustedhollow Agspheresby

reducing Ag2O spheres.The authors used silveroxide (Ag2O)spheres as

templatesandreducedthem usingachemicalreducingagent(NaBH4)tofinally

transform theAg2Ospheresintohollow Agspheres.Theyshowedthatthesize

ofthehollow Agspherescanbeadjustedaccordingtotheinitialsizeofthe

Ag2Ospheres
25
.

In this article,we use morphology-controlled Ag2O quasi-hexapods as

templatesinsteadofspheresandreducethem toAghexapods.TomakeAg2O

hexapods, a facile and novel wet chemical method is employed, and

subsequently,Ag2O hexapodsaretransformedintoAg hexapodsthroughthe

reductionofAg2O usingNaBH4.Interestingly,boththeshapeandsizeofthe

hexapodsaresustainedduring thereduction.A plausiblemechanism forthis

processisgivenwithsupportingevidenceanddiscussed.
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3.Experiment

3.1.Chemicals

Silvernitrate(AgNO3,≥99.0%,Aldrich),trisodium citratedihydrate(TSC,

C6H5Na3O7·2H2O, 99.0%, OCI Ltd.), bis(p-sulfonatophenyl) phenylphosphine

dehydratedipotassium (BSPP,97%,Aldrich),sodium hydroxide(NaOH,98.0%,

OCILtd.),andsodium borohydride(NaBH4,99%,Aldrich)wereusedwithout

further purification,and highly purified deionized (DI) water (18.2MΩcm),

producedusingQPAK1(MILLIPore),wasusedforallaqueoussolutions.

3.2.Synthesisofsilver(Ag)andsilveroxide(Ag2O)hexapods

The synthetic procedure and the concentration of each chemical are

representedin Scheme1.Ag2O hexapodswerefirstly synthesized,andthen

theyweretransformedintoAghexapods.Inatypicalexperiment,thesolution

forthesynthesisofAg2O hexapodswaspreparedbyaddingAgNO3(10mM,

0.65mL),trisodium citratedihydrate(TSC)(100mM,0.32mL),andfreshly

preparedbis(p-sulfonatophenyl)phenylphosphinedehydratedipotassium (BSPP)

(10mM,0.5mL)intoDIwater(18.5mL)(Stage1inScheme1).NaOH (100

mM,1mL)wasfurtheraddedintosolution② toadjustpH ofthesolutionto

11.0± 0.5usingpH indicatorpaper(TypeCF,Whatman),andthecolorless

solutionchangedtoalightyellow solution(Stage2inScheme1).Solution③

waswrappedinaluminum foiltopreventexposuretolightandcuredatroom

temperature withoutstirring for1 or2 h.Forthe analysis ofthe Ag2O

hexapods,solution③ wascentrifugedat9600rpm for10–20min(Centrifuge

MinispinPlus;Eppendorf),andtheprecipitateswerecollectedandwashedwith

DIwaterseveraltimes.Totransform theAg2O hexapodsintoAghexapods,

freshlypreparedNaBH4(5mM,2mL)wasrapidlyaddedtosolution③ without

stirring.Thecolorofthesolutionchangedslightly,from lightyellow toyellow
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(Stage3inScheme1).Thefinalsolution,④,wasplacedonanexperimental

benchfor14–115hinthedarkatroom temperaturewithoutstirringandthen

centrifugedat9600rpm for10–20mintocollecttheprecipitates.

3.3.Characterization

Themorphology oftheAg orAg2O hexapodswasobserved using field

emissionscanning electron microscopy (FE-SEM,S-4800;Hitachi),andtheir

compositionwasanalyzedusingenergydispersivespectroscopy(EDS),equipped

onthesameFE-SEM instrument.Forthosemeasurements,theprecipitatesof

Ag orAg2O hexapods were collected from the colloidalsolution using a

centrifuge(CentrifugeMinispinPlus;Eppendorf)anddropcastedonpre-cleaned

Siwafers.ForidentifyingAgandAg2O,X-raydiffraction(XRD)spectrawere

measured with X’pertPRO MPD diffractometer(PAnalytical)using Cu Kα 

radiation,andX-rayphotoelectronspectroscopy(XPS,Axis-NOVA;KratosInc.)

withanAlKα sourcewasused.Theopticalpropertieswereinvestigatedusing

aUV-Visspectrophotometer(Optizen 3220UV;MECASYS)forafixedpath

length(1cm).Theinnerstructureandselectedareaelectrondiffraction(SAED)

pattern of the Ag hexapods were obtained using transmission electron

microscopy(TEM,JEM-3010;JEOL)withanaccelerationvoltageof300kV on

coppergridscoatedwithcarbonfilms.

4.ResultsandDiscussion

The synthetic method for silver oxide (Ag2O) particlesis wellknown;

however,amorphology-controlledsynthesiswasonlyrecentlyreported
27-29
.In

theclassicalmethod,Ag2O particlesareeasilypreparedasprecipitatesfrom a

solutioncontainingbothsilvernitrate(AgNO3)andsodium hydroxide(NaOH)

(Eq.(1)).
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Scheme 1.The synthetic procedure and formation mechanism ofAg
hexapodsareillustratedin(a),and(b),respectively.Thesyntheticroute
can be broken down into three stagesaccording to the colorofthe
solution:(a).Solution “②”contains Ag ions and is transparentand
colorless.WhenNaOH isaddedtosolution“②”,thecolorofthesolution
changes to light-yellow (solution “③”).In solution “③”,the Ag2O
nanoparticlesareproducedfrom Agions,andAg2O quasi-hexapodsare
prepared by morphology-controlled aggregation of small Ag2O
nanoparticles.Finally,addedNaBH4transformstheAg2O quasi-hexapods
into Ag hexapods, and the color of the solution changes from
light-yellow toyellow (solution“④”).

2AgNO3(aq)+2NaOH(aq)→ Ag2O(s)↓ +H2O(l)+2Na
+
(aq)+2NO3

-
(aq) (1)

SincethisreactionrateistoofasttocontroltheshapeandsizeofAg2O

particles,itisdifficulttoobtainAg2Oparticleswithacontrolledshapeandsize.

Inrecentyears,manydifferentshapesofAg2Oparticleshavebeensynthesized

bydecreasingthereactionrate.Inthesepapers,authorsusedammonia(NH3)

orpyridine(Py)asaligand(L)toform coordinatebondwithsilverions,and

finallycomplexions(Ag(NH3)2
+
,orAg(Py)2

+
)(Eq.(2)).

2AgNO3(aq)+4L(aq)→ 2Ag(L)2
+
(aq)+2NO3

-
(aq),whereL=NH3orPy (2)

ThereactionofcomplexionswithNaOH ataretardedrateenablesthegrowth

ofmorphology-controlledAg2Oparticles.
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Figure1.ScanningelectronmicrographofAg2O quasi-hexapods(a)
andAghexapods(b).Bothinsetsclearlyshow thatthesurfaceand
edgeofAghexapodsaresmoothandmoresharpthanthatofAg2O
hexapods,which means thatAg hexapods have a more perfect
crystallinephasethanAg2O hexapods.A seriesoftiltedimages(c)
revealthatthetwoparticleshighlightedin dashedsquaresin(b)
haveidenticalshape,andthetiltangleof~40°indicatesthatthe
shapeoftheparticlesisahexapod.

In our experiment, bis(p-sulfonatophenyl) phenylphosphine dehydrate

dipotassium (BSPP)wasused asaligand instead ofammoniaorpyridine,

becauseBSPP easily formsacomplex ion with silverions,Ag(BSPP)
+
,and

ammoniaandpyridineareharmful
30
.ThecomplexionAg(BSPP)

+
gentlyreacts
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withNaOH,andAg2O quasi-hexapodsarefinallyobtained(Scheme1b,Fig.1a

anditsinset).Becausethesurfaceoftheparticleisveryrough,andtheshape

oftheparticleisnotwelldefined,asshowninFig.1a,itcanbeconsidered

thatthe Ag2O quasi-hexapods are formed via aggregation ofsmallAg2O

nanoparticles,similartotheAg2O quasi-spherespublished in Ref.25.This

hypothesisisclearlyrepresentedinFig.S1,whichshowsapartiallybroken

Ag2O hexapodwithabigholeinthecenterofit.Whentheaqueoussolution

containingtheas-preparedAg2O hexapodsaredroppedontosubstratesand

placedundervacuum torapidlyevaporatethewatersolvent,H2O israpidly

evaporatedfrom theinsideoftheAg2Ohexapods,andthisrapidevaporationof

H2O leadstotheincompleteaggregationofthesmallAg2O nanoparticles,that

areclearlyseenonthesurfaceoftheAg2Ohexapodsandinthevicinityofthe

bighole.

Generally,Ag2OcanbetransformedintoAgthroughchemicalreductionusing

areducingagent(e.g.,NaBH4).Sinceapreviousreport
25
showedthatAg2Ocan

actasatemplateforthesynthesisofhollow Agspheresoftunablesize,one

may doubtifthehexapodshapeoftheAg2O particlescouldbemaintained

duringthereductionprocess(Scheme1b).Inthisexperiment,thefinalproduct

(Aghexapodsreducedfrom Ag2O hexapods)wasobtainedbyaddingNaBH4

intosolution③,containingAg2O hexapods(Scheme1b),andtheirmorphology

wasinvestigatedusingFE-SEM (Fig.1banditsinset).Interestingly,theshape

oftheAg2O hexapodswasnotchangedbutmaintainedduringthereduction

process,thatis,thereductionofAg2O intoAgoccurswithapreservationof

theparticleshape.AsshowninFig.1b,theshapeofthereducedAgparticles

wasalsohexapod,identicalinshapetotheAg2O hexapod(Fig.1a),butthe

surfaceroughnessand edgeanglearesomewhatdifferent.Compared with

Ag2O hexapods,Aghexapodshaveamuchclearersurfaceandsharperedge

angle,whichmeansthatthecrystallinityoftheAghexapodsisbetterthanthat
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oftheAg2Ohexapods.InFig.1b,therearetwodifferentshapsofparticlesthat

arehighlightedasdashedsquares.TiltedSEM imagesrevealedthatthetwo

differentshapesofparticleshaveidenticalmorphology(Fig.1c).Thedifference

ofanglebetweenthetwodifferentimagesinFig.1cis~40°,whichreconfirms

thattheparticleshapeishexapod.Itshould benoted that,in theoverall

reaction,theconcentration ofeach chemicalisvery criticalin forming Ag

hexapodsandfortheiryield.Forexample,if0.4mLBSPPsolution(lessthan

0.5mL)isaddedintosolution① inScheme1a,theconcentrationofparticlesin

thefinalsolution④ ishigh,buttheshapeoftheparticlesisnon-hexapod(Fig.

S2a).WhentheaddedvolumeofBSPPsolutionisincreasedfrom 0.4to0.5

mL,the yield ofthe particles decreases,buttheir shape is well-defined

hexapods(Fig.S2b).Ifmorethan0.5mLBSPPsolutionisadded,theyieldis

toolow tocollectprecipitates.ThepH ofthesolutionisalsoanimportant

parameterincontrollingthemorphologyofthefinalproduct.TheAghexapods

areproducedonlyinhighlyalkalineconditions(pH >11).ThesizeoftheAg2O

hexapodsvariesfrom ~300  to~1 ,dependingonthebatch,because

theirsizeisverysensitivetotheexperimentalenvironment.AlthoughtheAg2O

hexapods are synthesized under the same conditions,their size could be

differentbyaslightvariationoftheexperimentalconditions.Contrarytothe

Ag2O hexapods,thesizeoftheAghexapodsmostlyfollowsthesizeofthe

Ag2O hexapods. This is a reasonable consequence from our suggested

mechanism (Scheme2).Accordingtooursuggestedmechanism inScheme1b,

Ag2O hexapodsplayaroleasatemplateforthesynthesisofAghexapods,

thusthesizeoftheAg hexapodsshould besimilarto thatoftheAg2O

hexapods.

Because the SEM images do notgive any information on the chemical

compositionoftheAg2OandAghexapods,itisdifficulttoascertainwithonly
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Figure2.Energydispersivespectrum ofaAg2O quasi-hexapod(a)orAg
hexapod(b)obtainedfrom theareadesignatedas“①”ineachparticle.
Theoxygenpeakisclearlyshowninthemagnified(́10)spectrum of(a),
whileitisnotobservedin(b).Theatomic% ratioofAg,O,andSiis
obtainedatthreedifferentareasdesignatedas“①”,“②”,and“③”inthe
insetof(a)or(b).Theaveragedatomic% ratioofAg,O,andSifor
eachparticleis27.3%,12.9%,and59.78% fortheAg2O quasi-hexapodor
56.18%,0%,and43.82% fortheAghexapod,respectively.

SEM imageswhetherthefinallyobtainedhexapods(Fig.1b)arecomposedof

Ag,resultingfrom thereductionofAg2O hexapods.Toverifythereduction,
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compositionalanalysiswascarriedoutonbothhexapods(Ag2O andAg)using

energydispersivespectroscopy(EDS)equippedwithSEM.BothEDS spectra

obtainedatsite① oftheAg2O (insetofFig.2a)andAg(insetofFig.2b)

hexapodshowedcharacteristicX-raypeaksofAg,Si,andC.Ontheother

hand,theOpeakisshownonlyinFig.2aandnotinFig.2b,meaningthatthe

Ag2O hexapodissuccessfullyreducedintotheAghexapod.TwoEDSspectra

ofbothhexapodswereadditionallytakenatdifferentsites,designatedas② and

③,toinvestigatethesite-dependenceoftheEDS spectra.Allthreespectra

obtainedatthethreedifferentsitesofeachAg2O andAghexapodsrepresent

thesameaspect.TheO peakappearsonlyintheEDS spectraoftheAg2O

hexapod.

Theefficiency oftheX-ray detectorin theEDS system issignificantly

decreasedinthelow energyregion,becauselow energyX-raysbelow ~0.7eV

(K linesemittingfrom lightelements)areefficientlyabsorbedbytheberyllium

window infrontofthedetector.Becauseofthislargeabsorptionoflow energy

X-rays,itisdifficulttofindtheexactcorrectionmodelsforlightelements.

ThisdisadvantageofEDS raisessomeconcernsabouttheaccuracy ofthe

quantitativeanalysisoftheEDSdata.Thus,forfurtherconfirmation,theX-ray

diffraction (XRD)pattern fortheAg hexapodswasobtained (Fig.3a)and

comparedwiththestandardcharacteristicpeaksofAg(Fig.3b).Thetypical

XRD patternfortheAghexapodsshowsfourcharacteristicpeaksat38°,44°,

64.6°,and77.5°thatcorrespondtothoseofstandardAg(JCPDS04-0783)and

canbeassignedtoreflectionsfrom the(111),(200),(220),and(311)planes,

respectively.TheXRD patternoftheAg2O hexapodsisalsopresentedinFig

3c.Threepeakswereobservedat33°,38°,and55°,representing the(111),

(200),and (220)planes oftraditionalAg2O,respectively (Fig.3d,JCPDS

12-0793).ComparingtheXRD patternsfortheAgandAg2O hexapodsclearly



Jihee Jo - M.S Thesis

Chosun University, Department of Chemistry

- 17 -

Figure 3.X-ray diffraction pattern forAg hexapod (a),or Ag2O
quasi-hexapod(c).Fourcharacteristicpeaksat38,44,64.6,and
77.5 in (a)correspondtothetypicalXRD pattern ofstandardAg
(JCPDS04-0783)(b),andeachpeakrepresents(111),(200),(220),and
(311)plane,respectively.TheAg2O quasi-hexapodsshow threepeaks
atdifferentangles,33,38,and55,thatcanbeassignedinto(111),
(200),and(220),accordingtothoseofAg2O(JCPDS12-0793).

revealsthatthecontentsofthehexapodsparticlesshowninFig.1aandbare

Ag2O andAg,respectively.ThisresultalsoshowsthatAg2O wassuccessfully

reducedtoAgbyNaBH4whilepreservingthemorphology.

X-rayphotoelectronspectroscopy(XPS)isanotherpowerfultechniquethat

canbeusedtoidentifyAghexapods.TheXPSspectrum obtainedfrom theAg
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Figure4.UV-Visabsorptionspectrum ofAg hexapods(filledtriangle
dots)iscompletelydifferentfrom thatofAg2O quasi-hexapods(cross
dots).ThebandgapofAg2O quasi-hexapodscanbeestimatedfrom the
Taucplot(theinset)byextrapolating thelinearportionofthecurve
(dottedlineintheinset)totheX-axis.Thebandgapisgivenasthe
valueoftheX-intercept(2.35eV).

hexapods(Fig.S3a)showstwopeaks,at367.6and373.5eV,thatcorrespondto

thebinding energies(BEs)ofAg3d5/2 andAg3d3/2,respectively.Thesetwo

valuesaremuchlowerthantheBEsofpureAg
0
(368.3and374.3eV)reported

previously31.ContrarytotheBEofAg3d,theO 1speakoriginatingfrom the

oxygenofTSC appearsat532.1eV (Fig.S3b)andismuchlargerthanthe

literaturevalue(530.3eV)
32
.TheredshiftofAg3dandtheblueshiftofO 1s

indicate thatthe Ag atoms on the surface ofthe Ag hexapods strongly

coordinatewith theO atomsofTSC.According topreviousliterature,the

reportedBEofAg3d5/2inAg2Owiresis367.9eV
33
.Becausethisvalueisvery

closeto367.6eV,whichisourmeasuredBEofAg3d5/2fortheAghexapods,

XPScontributeslittletothecharacterization.

TheopticalpropertiesoftheAg2O andAg hexapodsshouldbedifferent,

becauseAg2O isasemiconductorwith abandgap,anditselectronicband

structureiscompletelydifferentfrom metallicAg.Becausethereportedband
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gapofAg2O rangesfrom 1.3to2.27eV,whichcorrespondstotheenergyof

visiblelight,theAg2O hexapodswillshow anapparentbandtobandtransition

(from valencetoconductionband)intherangeofvisiblelight
34-37
.Fig.4shows

theUV-VisabsorptionspectrafortheAg2O (crossdots)andAg hexapods

(filledtriangles).TheAg2O hexapodsshow twostrong absorption bandsin

around430and750nm,whereasnodistinctiveabsorption band appearsin

long-wavelength-rangeofthespectrum fortheAghexapods.Althoughnoband

tobandtransitionoccursinmetallicAghexapods,thesurfaceplasmons(SPs)

ofAghexapodscanbeexcitedbylightirradiation.Theresonancewavelength

ofSPsfornanoparticlesisstronglydependentontheirsize.Asthesizeofthe

nanoparticleincreases,theresonanceenergyofSPsgenerallymovestolonger

wavelengths.BecausetheaveragesizeoftheAghexapodsis300-1000nm,low

frequencySPsarefarfrom thevisiblelightregion,andonlymultipolesofSPs

areobservedinthevisiblerange(~400nm)ofthespectrum forthemetallicAg

hexapods.ThebandgapoftheAg2O hexapodscanbeestimatedusingaTauc

plot(insetofFig.4),whichisobtainedfrom theUV-Visabsorptionspectrum

of the Ag2O hexapods. Assuming that the Ag2O hexapods are direct

transition-typesemiconductors
34-37
,wecanreplacetheunitoftheY-axiswith"

",where""istheincidentphotonenergy,and""istheabsorption

coefficientcalculatedfrom absorbance(A)andtheopticalpathlength(l)using

equation(1).ThelinearportionofthecurveintheinsetofFig.4isfitted

usingTaucequation(2)(dottedlineintheinsetofFig.4).When  ,

thebandgap(Eg)is2.35eV,whichisinterceptoftheX-axis,asshowninthe

insetofFig.4.

(1)

(2)
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Figure5.Thecontrastofthetransmissionelectronmicrograph(a)is
notuniform,eventhoughtheoutersurfaceissmooth,asshowninthe
scanningelectronmicrograph(b).ThismeansthattheAghexapodhas
apartiallyhollow innerstructure.Theselectiveareadiffraction(SAED)
pattern(theinsetof(a))wasobtainedfortheentireareaoftheAg
hexapodshownin(a).SeveraldotswithstreakinglinesintheSAED
pattern representa singlecrystallinephasewith a planardefect.On
closerinspection,theAghexapodiscoveredwithashell-likestructure.
Thisshell-likestructureisclearlyseenin(c),whichisthemagnified
imageofthedashedboxinpanel(a).Thethicknessoftheshell-like
structureismeasuredtobe~40nm.

ThereportedbandgapenergyofAg2Oisdiverse,rangingfrom 1.3to2.27eV,

accordingtoitsmethodofpreparation.Forexample,thebandgapenergyof

Ag2O films prepared by electrodeposition is 1.46 eV
35
,while Ag2O films

deposited through reactive magnetron sputtering show a higher band gap

energy
37
,2.27eV,whichissimilartothevalueof2.35eV measuredinour

experiment.Because the differentstoichiometries between Ag and O can

partially causean increasein thebandgap energy,onemightsuspectthe

existenceofdifferentformsofsilveroxidesuchasAgO,Ag3O4,Ag4O3,and

Ag2O3;however,themajorchemicalform inFig.1aisAg2O,becauseAg2O is

themostthermodynamicallystable
38
.

According to themechanism suggested by Huang etal.
25
,quasi-spherical

Ag2O particlesarereducedandtransformedintohollow Agspheresusinga

reducingagent,NaBH4.TheyexplainedthatAgatomsorclustersreducedfrom
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Ag2O emigratetotheoutersurfacesthroughchannelscreatedbyhydrogengas

toform shell-likestructuresonthesurfaceoftheAg2O quasi-spheres.We

hypothesize that the same mechanism is applicable to our system (Ag

hexapods),soweexpecttheAghexapodstoalsohavehollow structures.To

investigatetheinnerstructuresoftheAghexapods,weemployedtransmission

electronmicroscopy(TEM).A typicalTEM imageofaAghexapodisshown

inFig.5a.Thecontrastinoverallstructureisnotuniform,whichmeansthat

thethicknessisdifferentalongtheAghexapod.Becausetheoutwardsurfaceof

theAghexapodissmooth(Fig.5b),thedifferenceincontrastresultsfrom the

partiallyhollow innerstructureoftheAghexapod.Inaddition,thisshell-like

structureisalsoobservedintheoutermostregionofthehexapod.A close-up

oftheboxedregiondistinctlyshowsthatashell~40nm thick(Fig.5c)was

formedontheoutsideoftheAghexapod.Theselectiveareaelectrondiffraction

(SAED)patternforthewholestructureoftheAghexapodwasobtained(inset

ofFig.5a)andcomparedwithfourdifferentSAED patternsobtainedforeach

branch (Fig.S4).In alltheSAED patterns,asetofdiffraction spotsare

observedwithcharacteristicstreaking (whitearrow intheinsetofFig.5a),

whichmeansthattheAghexapodhasasinglecrystallinephasewith{111}

planardefects.SeveralAghexapodswereselected,andtheyshowedthesame

result.Fig.S5ashowsanotherrepresentativeTEM imageanditsSAEDpattern

(theinset).ItshowsthattheAghexapodisasinglecrystalwithapartially

hollow innerstructureandashell-likestructureintheouterportionofthe

hexapod(FigS5c).ThezoneaxisofFig5ais[110],whichiscalculatedfrom

theSAED patternintheinsetofFig.5a.Thezoneaxis,[110],andthesquare

cross-sectionalshapeofeachbranch(FigS5b)revealthatthesidefacesof

eachbranchareboundedbythe{110}faces,andthesharp-facedtipisbounded

bythe{111}tipfaces
27
.
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5.Conclusion

Inthispaper,weintroducedanovelschemetosynthesizeAghexapodsfrom

Ag2O quasi-hexapods.In this scheme,Ag2O quasi-hexapods are initially

prepared by decreasing thereaction rateusing BSPP asaligand,and the

as-preparedAg2O quasi-hexapodsarereducedtoAghexapodsusingNaBH4.

TheshapeoftheAg2O (quasi-hexapods)isnotchangedduringthereduction,

resulting in well-defined Ag hexapods.The reduced Ag atoms orclusters

producedinsidetheAg2O hexapodsmigratesfrom theinsidetotheoutsideto

form ashellonthesurfaceoftheAg2O hexapods,resultinginpartiallyhollow

Aghexapods.ThisprovesthatAg2Ocanactasatemplateforthesynthesisof

partiallyhollow Ag nanoparticles,andthegeneralapplicationofthismethod

willbeusedtosynthesizeawidervarietyofAgnanoparticlesthatcannotbe

preparedusingconventionalmethodssuchasthegalvanicreplacementreaction

method.
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Chapter Two.

A New Approach to Obtain 

Correct and Simplified Equation 

Applied to

Inner Space Assessment for 

Capsule-like Superstructures
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1.Abstract

Polypyrrole-Gold(PPy/Au)segmentnanowiresarepreparedusinganodized

aluminum oxide(AAO)templatesandassembledintoacurvedsuperstructure.

Since the shape of the obtained superstructures can be designed to be

capsule-likewithinnerspaceforcontainingmaterials,andtheiropeningsand

closurescanbecontrolledwithexternalstimuli,thesestructurescanbeuseful

foralargevarietyofapplications.Innerspaceofcapsule-likesuperstructuresis

animportantfactorfortheirapplications,andthevolumeoftheinnerspacecan

be assessed using the generalized equation suggested by J.K.Lim (Bull.

KoreanChem.Soc.33,2699(2012)).Inthispaper,weintroduceanew approach

toobtaincorrectandsimplifiedequationwithoutredundantassumptionwhich

wasusedtoinducethepreviousequations,andrecalculatethevolumeofthe

innerspaceinthecapsule-likesuperstructureusinganew equation.
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2.Introduction

Polypyrrole-Gold(PPy/Au)segmentnanowiresarepreparedwithinthepores

ofanodizedaluminum oxide(AAO)templatesandassembledowingtocapillary

and van derWaals forces following which AAO templates are placed in

aqueoussodium hydroxidesolutionandthewaterisevaporated(Scheme1(a),

1(b),1(c)).The obtained superstructures are rolled up to form a curved

superstructurewithfurtherevaporationofthewaterfrom thematrixofPPy

segmentthatmakesthediameterofthePPysegmentsmallerthanthatofthe

Au segment (Scheme 1d).
1,2
Traditionalphotolithographic technique allows

curvedsuperstructurestobecompletecapsule-likesuperstructureswithinner

spaceavailableforcontainingmaterials.2,3 Recently,ithasbeenreportedthat

opening and closureofcurved superstructurecan becontrolled by external

stimuli,such as humidity,temperature,and light.
4
This actuation can be

explained by the change ofPPy segmentvolume,which is increased (or

decreased)byabsorbing(ordesorbing)thewatervaporthatmakesthecurved

superstructure expand (or shrink), accordingly (Scheme 1(d), 1(e)).

Remotely-controlledcapsule-likesuperstructurescanbeusedforalargevariety

ofapplications(e.g.microcapsules,microreactors,anddeliverysystems).

Theradius oftheinnerspace in thecapsule-likesuperstructurecan be

assessedusingsimpleequationsuggestedinthepreviouspaper(Eq.1).
4

Accordingtotheequation,theradiusoftheinnerspace(R)isdeterminedby

thelengthofPPy(lPPy),thediameterofAu(dAu),thediameterofPPy(dPPy),

andthediameterdifferencebetweenAuandPPysegments(Δd=dAu– dPPy).

ThisequationyieldsgoodresultsunderassumptionthatthelengthofthePPy

segmentiscomparableormuchlongerthanthatoftheAusegment.Inrecent

 


  tan

∆ 
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paper,theequationwasmodified,andgeneralizedforalllengthsofthePPy

segment(Eq.2).
5

Inbothequations(1and2),however,theradiusoftheinnerspaceisinduced

from thecircumferenceofhypotheticalcircle(dottedcircleinFig.1(a)).Inthis

paper,wediscardthisredundantassumption,andintroduceanew equationfor

betterassessingthevolumeoftheinnerspace.

3.DerivationofNew Equation

Lettheradiusoftheinnerspaceinthecapsule-likesuperstructureasR(Fig.

1(a)).Angle α (∠AOC Fig.1(b))is the included angle between the two

adjacentwires.AC(Fig.1(b),(c))isthesegmentconnectingthecentersofthe

endsofthetwoadjacentPPy(Fig.1(c)).Theangle∠AOD isthesameas∠

BAD (Fig.1(c))andamountsto α/2,because ΔOAB equalsto ΔABD.The

lengthofAD,definedasy,iscalculatedeitherfrom ΔOADorfrom ΔABD(Eq.

3).

Eq.(3)can beconverted using a tangentfunction,and tan(α/2)can be

replacedwith Δd,thedifferenceofdiametersbetweenthePPy andtheAu

segmentandlPPy(Eq.4).
4

Finally,theradiusoftheinnerspace,R isrepresentedwithonlyvariables,

dPPy,lPPyandΔd(Eq.5).



∆cos
  tan

∆ 

 ∙sin 


 


∙cos


 

tan 




∆

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Scheme1.Schematicpicturerepresentingtheprocedureforformingthe
curvedsuperstructuresthroughtheguidanceofanodizedaluminum oxide
templates,(a,b,c,andd),andtheiropening andclosurebyexternal
stimuli(dande).
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4.ResultsandDiscussion

Theradiusoftheinnerspaceincapsule-likesuperstructureR isafunction

ofΔdwhichisvariablevaluefrom 20to60nm.1-4 Thisrangedependson

environmentalconditions,suchastemperature,humidity,andlightintensity.R

iscalculatedatdifferentlengthofthePPysegment(lPPy)usingEqs.(1),(2),or

(5),undertheassumptionthatΔdfallsintheaboverange,andthenplotted

againsttolPPy (Fig.2(a),2(b)).WhenΔdequals20nm,RcalculatedwithEq.

(2)(dottedlineinFig.2(a))isalmostthesameascalculatedwithEq.(1)

(dashedlineinFig.2(a))AtalllengthofthePPysegment,however,Eq.(5)

showsbetterresults(solidlineinFig.2(a))whichisslightlylessthanthat

calculatedfrom Eq.(1)and(2).Ontheotherhand,whenΔdbecomes60nm,R

calculatedwithEq.(2)(dottedlineinFig.2(b))isslightlydifferent,whileR

calculatedwithEq.(5)(solidlineinFig.2(b))issignificantlydifferentfrom

thatcalculatedwithEq.(1)(dashedlineinFig.2(b)),asthelengthofPPy

segmentdecreases.

ThisdifferencecanbeclearlyseeninFigure2(c)wherethedifferenceof

radiifrom differentequationsisplottedagainstlPPy.InFigure2(c),filledand

blank marks show the difference ofradiiwhen Δd equals 20 or60 nm,

respectively.InthecaseofsmallΔd(Δd=20nm),thedifferenceofradii(filled

diamonds,orsquaresinFig.2(c))graduallyincreases.Ontheotherhand,when

Δdis60nm,differenceofradiicalculatedwithEqs.(1),(2),and(5)shows

distinctlyincreasedbehavior,aslPPybecomesbelow 1000nm (emptydiamonds,

orsquaresinFig.2(c)).

∆

∙
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Figure1.Schematicpictureofthecurvedsuperstructure,(a),andits
magnifiedimage,(b).Dashedareaof(b)ishighlightedin(c).

Sincecapsule-likesuperstructureshaveinnerspacewherematerialscanbe

contained and released outside in a controllable manner, capsule-like

superstructuresexamined in thisreportcan beused in anumberofnovel
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microencapsulationapplications.Theimportantrequirementtothisendisthe

availablevolumeoftheinnerspace.Theavailablevolumecanbecalculated

from theradiusoftheinnerspaceusingEqs.(1),(2)or(5)whenΔdis20or

60nm (Fig.3or4).SincetheradiusofinnerspaceisincreasedwithlPPy as

showninFigure2(a),(b),thevolumeofinnerspaceisalsoincreasedwithlPPy

(Fig.3(a),and4(a)).InFigure2(a),(b),therateofchangeforradiusisnearly

independentonlPPy,buttherateofchangeforvolumeiscompletelydepending

onlPPy inFigure3(a),and4(a).Inaddition,therateofchangeforvolume

varieswiththeusedequations(Fig.3(b),(c),and4(b),(c)).Asthelengthof

PPyisincreased,thedifferenceofvolumeisalsoincreased.Thedifferenceof

volume(thedistancesbetweenlinesinFig.3(b)and4(b))inthemiddlelength

ofPPyissmallerthanthatinlongPPy(thedistancesbetweenlinesinFig.

3(c)and4(c)).Thistrendmeansthattherateofchangeforthevolumeis

dependentonnotonlythelengthofPPybutalsousedequations.

Therearebig differencesbetween radiusandvolume.In Figure2(c),the

differenceofradiuscalculatedusingthreeequationsisincreasedasthelength

ofPPysegmentisdecreased,however,thevolumeoftheinnerspaceshow

completely different results in Figure 5,where the difference ofvolume

increaseswithlPPy.ThistrendisshownnotonlyatsmallΔd(filledmarks)but

alsoatlargeΔd(blankmarks)inFigure5.Inaddition,whilethedifferenceof

volumeisrapidlyincreasedatsmallΔdmorethanthatatlargeΔdinFigure5,

thedifferenceofradiusisrapidlychangedatlargeΔdmorethanthatatsmall

Δd in Figure2(c).Thisdiscrepancy between radiusand volumeapparently

seemstobeopposite,butweshouldconsiderthatthevolumeisproportionalto

thethe3
rd
poweroftheradius(V ∝ r

3
).Inaddition,weplottednottheradius

(r)orvolume(V)itselfbutthedifferenceofradius(Δr)orvolume(ΔV)in

Figure2or5,respectively.Althoughthedifferenceofradiusisdecreasedas

thelengthofPPyisincreasedasshowninFigure2(c),thedifferenceof
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Figure2.Theradiusofinnerspace,R wascalculatedusingEqs.(1),
(2),or(5),andplottedagainsttothelengthofpolypyrrolesegment,lPPy,
whenthedifferenceofdiameterbetweengoldandpolypyrrolesegment,
Δd is 20 nm,(a),and 60 nm,(b).As lPPy is decreased,R is also
decreasedinboth(a)and(b),butthedifferenceofradius(R from Eq.
(1)- R from equation 2or5)in (b)islargerthan thatin (a),and
which isclearly seen in (c).Asincreasing oflPPy,thedifferenceof
radiusofinnerspaceisincreased.
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Figure3.ThevolumeofinnerspacecalculatedusingEqs.(1),(2),or
(5)in smallΔd (Δd= 20nm)isincreased,asthelength ofPPy is
increased, (a). The difference of volume is also increased with
increasingofthelengthofPPy,whichisclearlyseenin(b),and(c).
ThedifferenceofvolumeatlongPPy(distancebetweenlinesin(c))is
largerthanthatatshortPPy(distancebetweenlinesin(b)).
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Figure4.Thevolumeofinnerspacecalculatedusingequation1,2,or5
in large Δd (Δd = 60 nm)is increased,as the length ofPPy is
increased, (a). The difference of volume is also increased with
increasingofthelengthofPPy,whichisclearlyseenin(b),and(c).
ThedifferenceofvolumeatlongPPy(distancebetweenlinesin(c))is
largerthanthatatshortPPy(distancebetweenlinesin(b)).
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Figure5.Thedifferenceofvolumecalculated equation 1,2,or5is
plottedagainsttothelengthofPPy.Thedifferenceofvolumeinsmall
Δd (filled squares ordiamonds)is rapidly increased more than the
differenceofvolume in large Δd (empty squaresordiamonds),with
increasingofthelengthofPPy.

volumecanbeincreasedwithincreasingofthelengthofPPy(Figure5).This

apparentlyoppositetrendismathematicallynaturalresult,butshowsthatsmall

differenceofradiuscanmakelargevolumedifference.Eq.(5)newlysuggested

in thismanuscriptismuch simplerthan thepreviously suggestedequations

(Eqs.(1)and(2)),and mathematically completeequation,becauseredundant

assumptionisexcluded.
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5.Conclusion

Inthispaper,weadoptedanew approachtoobtainnew equationwhichis

muchsimplerthanthepreviousequations.Inaddition,sincethisnew equation

wasderivedwithoutredundantassumption,thenew equationisaccuratemore

than thetwopreviousequations,and acceptableatalllengthsoflPPy.The

volumeandradiusoftheinnerspaceofthecapsule-likesuperstructurewere

calculatedusingthreeequationsandcomparedwitheachother.Theradiiof

innerspaceshow smalldeviationfrom eachtoeach,however,thevolumesof

theinnerspaceshow largedifferenceaslPPy increases.Theassessmentofthe

availablevolumeis very importantforpracticalapplicationsofcapsule-like

assembledsuperstructures,suchasmicroencapsulation.
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