
DoctoralDissertation（ShinshuUniversity）

HighPerfbrmanceElectrochemical

CapacitorsUsingOxideElectrodes

Mardh2013

ShoMakino



Contents

Chapterl：Introdution

1．1．Electrochemicalcapacitor

1．2．Psedoc叩aCitors

1．3．Hybridelectrochemicalcapacitor

1．4．StudiesofmesoporousRuO2

1．5．Applicationofoxideelectrodeforhighenergyusage

1．6．0切ectiveofthisthesis

Re免rence

Chapter2：Synthesis ofmesoporous RuOxvialyotropicliquid crystaI

templateandapplicationtowardmicro－SuPerCaPaCitor……………………‥23

2．1．SynthesisofmesoporousRumetalbychemicalreductionmethodanditsconversion

tomesoporousRuOx

2．1．1．Introduction

2．1．2．Experimental

2．1．3．Resultsanddiscussion

2．1．4．Summary 31



Refbrence

2．2．Synthesis ofmesoporous Ru and RuOx by electro－deposition／electr0－OXidation

PrOCeSSand叩Plicationtowardmicro－SuPerCaPaCitor

2．2．1．Introduction

2．2．2．Experimental

2．2．3．Resultsanddiscussions

2．2．3．1．ElectrochemicaldepositionofmesoporousRumetalonto Tiplateand

CaPaCitivebehaviorofelectr0－0XidizedmesoporousRuOx／Ti………………………．46

2．2．3．2．Micro－SuPerCaPaCitorpropertiesofinter－digitatedarrayelectrodemodiRed

Withelectr0－depositedmesoporousRuOx

2．2．4．SummaW

Refbrence

Chapter3：ElectrochemicalcapacitorpropertyofNiOelectrodeinionic

liquids

3－1．Introduction

3－2．Experimental

3－3．Resultsanddiscussion

3－4．Summary

11

72



Refbrence

Chapter4：Development of4－V class aqueous hybrid electrochemical

CaPaCitorwithhighspecincenergy

4－1．Introduction

4．2．Experimental

4．3．Resultsanddiscussion

4．4．Summary

Reference

Chapter5：Conclusion

Conclusion

Listsofpublications

Acknowledgements

111



Chapterl

Introduction



1・l・Electrochemicalcapacitor

Electrochemicalcapacitors（ECs）areenergystoragedevicewhichcanStOred

electriCchargebyutilizingtheelectricdoublelayerformedattheelectrode－づIectrolyte

interface・TheelectricdoublelayerisalayerformedbysoIvatedionswhichhascharge

OPPOSiteoftheelectrodewhenavoltageisappliedtobetweenelectrodesimmersedin

electrolyte・Thesimplestelectricdoublelayermodeliskn0wnaStheclassicalHelmholtz

model（Fig・1－1a）・TheelectricdoublelayermodelwithconsideronlythedifRISionlayeris

Calledthe Gouy－ChapmanmOdel（Fig．1－1b）．The StemmOdeltakesinto accountthe

diffusionlayerinadditiontotheHelmholtzmodelfortheelectricdoublelayer（Fig．1－1C）．

Sinceahighconcentrationelectrolyte（＞1M）isgenerallyusedforECs，theinfluenceof

thedifRISionlayercanbedisregarded・TheamOuntOfelectricchargeaccumulatedatthe

doublelayerisde銭nedbycapacitanCe（C），WhichisexpressedaccordingtotheHelmholtz

model；

C＝ち・句・d／∂
（1）

Where siis the permittivity ofelectrolyte，句is the permittivity ofvacuum，Ais the

accessiblesurfaceareaoftheelectrodeand‘ヲisthethicknessofthedoublelayerl1］．The

CqPaCitanCeOfanECisproportionaltotheareaOfelectrodesurfacefollowingequation（1）．

Therefore，aCtivatedcarbonswithhighsurfacearea（＞2000m2g－1）areusedasactive

materialforcommercialECs．

The charge／discharge curveS Ofrechargeable battery and EC are schematically

illustratedinFig．1－2．ThestoredenergyElJ］inabatteryfollowsequation（2），Wherethe

Cellvoltageisalmostconstantduringdischarge．
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g＝pI’

（2）

Here，QisthechargeandVisthecellvoltage・Thec叩aCitanceClF］ofanECisindicated

bythefbllowlngequation．

C＝9／F
（3）

Therefore，theamountofchargestoredisQ＝CV・SincethedischargecurveOfanEC

triangleinshqpe，thestoredenergyEfbranECis；

二＝iソ二

andisde丘nedbythefollowingequationbysubstitutingequation（3）．

且＝土cF2
2

（4）

（5）

Naturally，lnCreaSlngthecellvoltagewillhaveanextremelylargeimpactforincreaslng

energy density・The useable cellvoltage reg10n Ofanelectrochemical capacitoris

determined by the potentialwindowi・e・the voltage where the electrolyte does not

decomposes・The decompositionofthe electrolyteusually occurs atlVforaqueous

electrolyteand3Vfororganic electrolytes・Assumingthe specinc capacitancesinan

aqueous electrolyteand organic electrolyte were equal，the energy densityin organic

electrolytewouldbe～9timeshigherthanthatinaqueouselectrolyte・Thus，aSOrganic

electrolytesorionicliquidsareoftenusedincommercializedECs．

Such ECs based on a simple design with a symmetric cell configuration

COmPrising two high surfaceareaCarbon electrodes separatedby electrolyte are called

electric doublelayercapacitors（EDLCs），Patentedby Standard OilCompany ofOhio

（SOHlO）in1966［2］．Today，SeVeralcompaniessuchasNIPPONCHEMI－CON，Seiko
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InstrumentS，NECTOKINandMaxwellTeclm0logleSetC．SellEDLCproducts．Sincethe

Charge storage mechanism ofanEDLCis a physical process，the charge storage

Characteristicsarediffbrentfromthatofbatteries：（i）charge／dischargeresponsetimesare

Ontheorderofseconds；（ii）slopingandsymmetriccharge／dischargepronles；and（iii）

exceptionallylongcyclelift（＞500，000cycles）［3，4］．Duetothesefbatures，COmmerCial

EDLCs have been appliedfor memory back up，energy reStOration，POWer aSSist and

load－1eveling．

Figure1－3showsaRagoneplotfortypicalenergystorageandconversion

devicesl5］presentedintermsofenergyandpowerdensity．ECs鎖11inthegapbetween

conve血ionalelectrolyticcapacitorsandbatteries・AlthoughECshavelowenergydensity

incomparisonwithbatteriesandfuelcells，thepowerdensityismuchhigher（～5kWkg－1）．

Owing to the highpowerperformanCe andlong cyclelifb，ECs are better suitedfor

叩Plication towards hybrid EC－electric power systems，Where slgnificantincreasein

energyefBciencycanbeachievedthroughtherecoveryofenergynormallywastedduring

braking ofrepetitive motion・Such waste energy harveSting willbecomeincreaslngly

importantandpopularinindustrialequlPmentlikecraneS，fork－liftS，andelevators，aSWell

asinmanytyPeSOfvehiclesincludingpassengervehicles，truCks，andbuses・
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（a）Rechargeablebattery

e

Chargeamount／C

（b）Electrochemicalcapacrtor

Fig．1－2．Charge／discharge curveS Of（a）rechargeable batteryand（b）electrochemical

CaPaCitor．

「
＞
＼
0
m
訂
l
一
〇
＞
ニ
O
U



0．01　　　0．1　　　1　　　　10　　　100　　1000

Energydensity／Whkg－1

Fig1－3．Ragoneplotsofenergystorageandconversiondevicesl5］・
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1．2．Pseudocapacitors

Electrochemicalcapacitors uslng metaloxide as active materialarekn0wnaS

redox capacitors or pseudocapacitors，and utilizes fast reversible redox reactionsin

additiontoelectricdoublelayerchargingforenergystorage．Theactivematerialsandits

SPeCinccapacitanCeSareShowninFig．1－4．Ingeneral，PSeudoc叩aCitiveelectrodes，SuCh

asMnO2nadRuO2，CanPrOVidehigherspeci茄ccapacitanCePerSlngleelectrodethanthat

Ofmostcarbonsduethecontributionfromfaradic surfaceprocess．Manymetaloxides

includingRuO2・nH20［6，7］，MnOxl8－10］，NiO［11，12］，CoOxl13］，V205・nH20［14］have

beenreportedtopossesshighspecinccapacitanceinaqueouselectrolytes．

RuO2basedmaterialsexhibithighspecinccapacitanCeOf～700Fg－1［6，7，21，22］．

RuO2hasgoodelectronicconductivityandcorrosionresistanCeandhasbeenusedasthe

maincomponentindimensionstableanOdesforpracticalelectrolysisuse．Trasattietal．

discoveredin1971that RuO2electrodes exhibited electrochemicalbehavior similar to

POlaizableelectrodesandproposeditsapplicationforelectrochemicalcapacitorl23］．Ever

sinceRuO2・nH20preparedbyso1－gelmethodwithhighspecinccapacitance（720Fg‾1）

WaSrePOrtedbyZhengetal．［6，7］，thismaterialhasbeenintensivelystudiedasanaCtive

materialforpseudocapacitors．In－Situandex－Situmeasurementshaveshownthatvarious

factors such as degree ofhydrationpotential，Ru oxidation state，electronand proton

COnductivity andloca1－atOmic struCture afftctits electrochemical behaviorl24－30］．

Sugimotoetal．reportedthatthetotalcapacitanceofRuO2・nH20iscomposedofelectric

doublelayercapacitance，adsorptionrelatedcharge，andirreversibleredoxrelatedcharge

l31，32］．Electrochemicalimpedance spectroscopyanalysis revealed that the capacitor

S



responsefrequencyisdominatedbytheprotonicconductionl33］．AnothernanostruCtured

fbrmOfRuO2，RuO2nanOSheetsexfoliatedfromlayeredRuO2，hasbeenreportedtoexhibit

highspecificcapacitanCe（～700Fg．1）inO．5MH2SO4［21，22，34］．

DespitethesingleelectrodecapacitanceofnanOStruCturedRuO2，thevoltagefor

theECdeviceislimitedtol．2V，SincethehighcqpacitanCeCannOtOnlybeobtainedin

aqueouselectrolytes・Inaddition，thelackofabundanCeOfRuanditscostlimittheuseof

RuO2aSanelectrode materialfor high－end－Value qpplications or micro－Sized devices

wherecostandsizeisnotadecisivefactor．
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1．3．Hybridelectrochemicalcapacitor

Electrochemicalcapacitors uslng tWO electrode ofdi脆rent materialare oRen

Calledhybridelectrochemicalcapacitorsorasymmetriccapacitorsandcanprovideextra

CaPaCitorperformanCeCOmParedwithcarbon／carbonsymmetricdevices・ForexamPle，a

PSeudocapacitivematerialsuchasMnO20rbattery－likeelectrodesuchasPbO2thatrelies

faradic mechanismfor charge storageispaired with ahigh－Surface－areaCafbonaceous

electrodewherechargeis storedprlmaryaSdoublelayercapacitance．Theasymmetric

designblendsthebestperformanCeCharacteristicsofECsandbatteries，increaslngthe

CaPaCitanceofthepositiveelectrode，Whilemaintainingfastcharge／dischargeresponsedue

tothedoublelayercapacitanCemeChanismatthenegativeelectrode．

The potentialcurveS Ofpositiveand negative electrodefor each type ofECs

duringcharge／dischargeareshowninFig・1－5・ThecellvoltageofaqueoussymmetricEC

doesnotextendover～1．2VcellvoltageduetothermOdynamicsofelectrolysisofwater

（Fig．1－5a）．Foranasymmetric con丘gurationcomposed ofapseudocapacitive positive

electrodewithhighoverpotentialsforO2eVOlutionandacarbonaceousnegativeelectrode，

theuseablecellvoltagecanSOmetimesbeextendedbeyondthethermodynamiclimitofl．2

V（Fig．1－5b），reSultinginsignincantlyhigherenergydensitiesthanforsymmetricECs

l9，35］．ForexamPle，ahybridelectrochemicalcapacitorconsistingofMnO2POSitiveand

activatedcarbonnegativeelectrodeinneutralelectrolyteexhibitsacellvoltageof2Vand

highenergydensityof19Whkg‾1，Whichiscomparabletothatofnon－aqueOuSEDLCl9］．

Atypical hybrid ECin non－aqueOuS electrolyteis thelithiumion cqpacitor（LIC），

COmPOSed ofactivated carbonpositive electrode and Li－intercalation electrode such as

11



Li4Ti5012［36，37］orLi－dopedcarbonasnegativeelectrodel38，39］andcanaffbrd～3．8V

cellvoltageresultinginhighenergydensityof15－25WhkgLl（Fig．1－5d）．Theenergy

densityofLICsisdependedonthespeciBccapacitanCeOftheactivatedcarbonpositive

electrode．ThesehybridECshaveenergydensltyCOmParabletolead－aCidbatteriesbutstill

CannOtCOmPeteWithlithiumionbatteries（LiBs）．

Inordertofurtherimprove energyperformanCe Ofelectrochemicalcapacitors，

hybrid electrochemical capacitors with a combination of high specific capacitance

electrode（＞500Fg‾1）andexteIldedcellvoltage（＞4V）shouldbedeveloped．Such

advanCedhybridelectrochemicalcapacitorswillpotentiallybecompetitivewithbatteries．

ThesimplestcaseforahybridECwithLiB－likeenergyperformanCeWOuldbetoutilizes

thelarge－CaPaCitanCeOfRuO2basedmaterialsasapositiveelectrodeinsteadofactivated

carbonincombinationwithaLielectrode．However，RuO2basedmaterialscarmotofftr

highspecinccapacitanCeOnlyinaqueouselectrolyteslimitinguseaLi－basednegative

electrode．RuO2CannOtdeliverhighcapacitanCeinnon－aqueOuSelectrolytesl40，41］．

12



Charge Discharge
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Fig．1－5．ThepotentialcurveSOfpositiveandnegativeelectrodefor（a）carbon／carbon

aqueous symmetric capacitor，（b）carbon／pseudocapacitoraqueous hybridcapacitor，（C）

CarObn／CarObn non－aqueOuS Symmetric capacitor　and（C）Li－ion capacitor while

Charge／discharge．
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1．4．StudiesofmesoporousRuO2

ThesynthesisofhighcapacitanCeRuO2・nH20（～700Fg－1）havebeenconducted

mainly by sol－gel synthesis，leading to materials with random microporesl6，7］．

RuO2・nH20with micropores haslarge electrochemical active surface areal32］and

PrOmise high energy c叩abilityfor electrochemical c叩aCitors．However RuO2・nH20

PreParedbyso1－gelmethodsprovidepoorpowerdensityduetoslowprotonconductionin

microporesl33］．SynthesisofRuO2WithmesoporousstruCtureStOimproveratecqpability

and power density has been reportedl42－44］．KIT－60r Pluronic123were used as

templatestoformmeSOStruCtureS．Unfortunately，thespecinccapacitancewaslow（～100

Fg●1）comparedwithRuO2・nH20becauseofthelargeparticlesizeofRuO2inducedbythe

Calcinationprocessneededtodecomposetheprecursortemplate．Inorderto synthesize

mesoporousRuO2WhilepreventlngParticlesizeincreaseandagglomeration，aWetPrOCeSS

Synthesisatroomtemperatureisdesired．

14



1．5．Applicationofoxideelectrodefbrhighenergyusage

IncreasingthecellvoltageisimportanttOimproveenergydensity（Fig．1－6）．If

metaloxide electrodes with high speci丘c capacitance can be叩Plied to non－aqueOuS

electrolyte system，high energy density canbe obtained．However thelack ofredox

CaPaCitanCeinaqueouselectrolyteisadraw－back．ForexamPle，thespecificc叩aCitanCeOf

RuO2・nH20in tetraethylammOniumtetrafluoroborate（TEA－BF4）旬ropylene carbonate

（PC）isonly～8Fg‾1［23］．IthasbebbreportedthataNiObasedmaterialpreparedby

oxidationofnickel－basedmischmetalshowedhighspecinccapacitanCeOf357Fg－landa

2．0V potentialwindowinionicliquid electrolytel45］．Unfortunately，thereis some

uncertaintyofNiObasedactivematerialused，aSitisamixture ofvarious materials．

However，the study suggests that evenif the specinc capacitanCein non－aqueOuS

electrolyteislower than thatin aqueous electrolyte，SPeCinc energyin non－aqueOuS

electrolytemaybeenhanCed・

Theenergydensitiesofaqueousornon－aqueOuShybridECsareshowninFig．1－7．

LICexhibitsthehighestenergydenslty．InordertoobtainenergydensityhigherthanLIC，

thespecificcapacitanCeOfthepositiveelectrodeneedstobeincreased．

15



Electrolyte H2S04　　Ll2SO4　lonlCLlquid
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Fig，1－6．TheincreasingcellvoltagebehaviorforenergydensityinvariousECswithsame

CaPaCitanCe．
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1．6．0bjectiveofthisthesis

ElectrochemicalcapacitorshaveadvantageOuSfbaturescomparedtorechargeable

batteriessuchasapowerperformanCeandlongcyclelife．Althoughoxideelectrodessuch

asRuO2basedmaterialshavehighspecinccapacitanCe，theenergydensltyissimilarto

thatofconventionalEDLCduetonarrowpotentialwindow（＜1V）limitedbyelectrolysis

Ofwater．TheuseofpreciousmetaloxidesasRuO2inlargequantitieswould also be

unfavorableintermSOfcostforcommonusage・Inthisthesis，inordertodevelophigh

PerfbrmanCe electrochemical capacitors，three qpproaches were pursued．The　丘rst

approachisthedesignof重nelystruCturedelectrodeanditsapplicationtoinBnitesimaluse．

SynthesisofmesoporousRuOxuslnglyotropicliquidcrystaltemplatewascarriedoutbya

WetPrOCeSSanditscapacitorpropertieswereinvestigated．FurthermOre，meSOPOrOuSRuOx

micro－SuPerCaPaCitorwasfabricatedusingbi－POtentiostaticdeposition（Chapter2）．Second

istheapplicationofnickeloxideelectrodetonon－aqueOuSelectrolytesystemswithhigher

energydensitythanaqueouselectrolyte．Ionicliquidswerechosenforthispurposeandthe

chargestoragemechanismindifEbrentelectrolyteisdiscussed（Chapter3）．Inchapter4，

aqueous hybrid electrochemicalc叩aCitor consisting ofhigh capacitanCe OXide as the

positiveelectrodeandwater－Stablemulti－layeredLinegativeelectrodewith4－Vclasscell

voltageandbattery－likeenergyperformanCeWaSdeveloped・

18



Refbrenee

l1］B．E．Conway，Electrochemical SIPerCqPaCitors：Scientific Fbndbmentals and

乃chnologicalAm）lications，KluwerAcademic／PlenumPublishers，N・Y．（1999）．

［2］R．M．Rightmire，U．S．Patent3，288，641（November29，1966）・

［3］J．W．Long，EJecJroc力e玖goc・血eゆce，17，33（2008）・

［4］J．R．MillerandA．F．Burke，Electrochem・Soc．1nteゆce，17，53（2008）．

［5］R．K6tzandM．Carlen，Electrochim．Acta，45，2483（2000）．

［6］J．P．Zheng，P．J．CyganandT．R・Jow，JElectrochem．Sbc．，142，2699（1995）．

［7］J．P．ZhengandT．R．Jow，JElectrochem・Soc．，142，L6（1995）．

［8］J．W．Long，K．E．Swider－Lyons，R・M．Stroudand D．R．Rolison，Electrochem．

鮎7品蔀αJeエe払，3，453（2000）．

［9］T．Brousse，M．ToupinandD．Belanger，JElectrochem．Soc．，151，A614（2004）．

［10］P．Ragupathy，D．H・Park，G・CamPet，H・N・Vasan，S．－J．Hwang，J．－H．ChoyandN．

Munichandraiah，JP卸S．Chem．C，113，6303（2009）．

［11］K．一C．Liu，M．A．Anderson，JElectrochem・Sbc・，143，124（1996）．

［12］K．－W．Nam，K．－B．Kim，JElectrochem・Soc・，149，A346（2002）．

［13］V．Gupta，T．Kusahara，H・Toyama，S・GuptaandN・Miura，Electrochem．Commun．，

9，2315（2007）．

［14］H．Y．LeeandJ．B．Goodenough，JSblidStateChem・，148，81（1999）・

［15］A．Rudge，Ⅰ．Raistrick，S．GottesftldandJ・P・Ferraris，Electrochim・Acta，39，273

（1994）．

［16］A．Rudge，J．Davey，Ⅰ．Raistrick，S・GottesfeldandJ・P・Ferraris，JPowerSources，47，

19



89（1994）．

［17］M．MastragostinoandG．Buzzanca，JElectrochem．Soc．，147，3167（2000）．

［18］S．Panero，E．SpilaandB．Scrosati，JElectroanal．Chem．，396，385（1995）．

［19］J．Wang，Y．Xu，J．WangandX．Du，Synth・MbL，161，1141（2011）．

［20］M．Shen，Y．Han，X．Lin，B・Ding，L．ZhangandX．Zhang，JAppl．Pob；m．Sti．，127，

2938（2013）．

［21］W．Sugimoto，H．Iwata，Y．Yasunaga，Y・MurakamiandY．Takasu，A〝geW．Chem．，

九才．Ed，42，4092（2003）．

［22］K．Fukuda，T．Saida，J．Sato，M．Yonezawa，Y．TakasuandW．Sugimoto，1no7g．

C如耽，49，4391（2010）．

［23］S．TrasattiandG．Buzzanca，JElectroanal．Chem．，29，App．1（1971）．

［24］A．Foelske，0．Barbieri，M・HalmandR・K6tz，Electrochem．SolidSlateLett．，9，

A268（2006）．

［25］0．Barbieri，M．Halm，A．FoelskeandR．K6tz，J Electrochem．Sbc．，153A2049

（2006）．

［26］Y．Mo，M．R．AntonioandD．A．Scherson，JPjvs・Chem．B，104，9777（2000）．

［27］R．Fu，Z．MaandJ・P・Zheng，JPjvLS・Chem・B，106，3592（2002）・

［28］W．DmowskiandT．Egami，JPjwg・Chem・B，106，12677（2002）・

［29］D．A．Mckeown，P．L．HaganS，L，P．L．Carette，A・E・Russell，K・E．SwiderandD．R．

Rolison，J P／ひざ．Cゐe刑．月，103，4825（1999）．

［30日．C．Stefan，Y．Mo，M．R．AntonioandD．A・Scherson，J Pjり帯．Chem．B，106，12373

（2002）．

20



［31］W．Sugimoto，T．Kizaki，K・Yokoshima，Y・MurakamiandY・Takasu，Electrochim・

dcJd，49，313（2004）．

［32］W．Sugimoto，K・Yokoshima，Y・MurakamiandY・Takasu，Electrochim・Acta，52，

1742（2006）．

［33］W．Sugimoto，H．Iwata，K・Yokoshima，Y・MurakamiandY・Takasu，JP句岱・Chem・

月，109，7330（2005）．

［34］K．Fukuda，H．Kato，J・Sato，W・SugimotoandY・Takasu，JSblidStateChem・，182，

2997（2009）．

［35］N．Yu，LGao，S．ZhaoandZ・Wang，Electrochim・Acta，54，3835（2009）・

［36］G．G．Amatucci，F．Badway，A・DuPasquierandT・Zheng，JElectrochem．Sbc．，148，

A930（2001）．

［37］A．Yoshino，T．Tsubata，M．Shimoyamada，H．Satake，Y．Okano，S．MoriandS．Yata，

J gJec加C′7em．放）C．，151，A2180（2004）．

［38］T．Aida，K．YamadaandM．Morita，Electrochem．Sblid－StateLett．，9，A534（2006）．

［39］S．R．SivakkumarandA．G．Pandolfo，Electrochim．Acta，65，280（2012）．

［40］D．RochefortandA．－L．Pont，Electrochem・Commun・，8，1539（2006）．

［41］M．Egashira，T．Uno，N・YoshimotoandM・Morita，Electrochemistry，75，595（2007）．

［42］K．－M．Lin，K．－H．Chang，C・－C・HuandY・－Y・Li，Electrochim・Acta，54，4574（2009）．

［43］V．Subramanian，S．C．Hall，P・H・SmithandB・Rambabu，SblidStatelonics，175，

511（2004）．

［44］K．Kuratani，T．KiyobayashiandN．Kuriyama，J PowerSoureces，189，1284（2007）．

［45］H．Liu，P．He，Z．Li，Y．LiuandJ．Li，Electrochim．Acta，51，1925（2006）．

21



［46］K．Naoi，S．Ishimoto，J．MiyamOtOand W．Naoi，EnefWEnviron．Sbi．，5，9363

（2012）．

22



Chapter2

SynthesisofmesoporousRuQxvia

lyotropicliquidcrystaltemplateand

applicationtowardmicro－SuPerCaPaCitor
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2．1．SynthesisofmesoporousRu metalbychemicalreduction method

anditsconversiontomesoporousRuOx

2．1．1．Introduction

SincethepioneeringworkbyAttardandco－WOrkersl1，2］，Orderedmesoporous

metalspreparedbysupram01ecularassemblyofsurfactantSaSStruCture－directingagents

haveattractedinterestinqpplicationswheresolid／gasandsolid／1iquidinterfaceplaysan

importantrole，inparticular，Catalysisandelectrochemistryl3－11］．Precisecontrolinthe

POre StruCture，SuChaspore size，Wallthickness，andporeconnection，Ofsuchordered

mesoporousmaterialsshouldallowhighratesofmasstranSPOrt，aneSSentialaspectfor

many aPPlications．Wel1－0rderedporous metalsincludingPt，Ni，etC．have so farbeen

reported．TheutilizationofsoR－temPlatesallow丘ne－tuningoforderedporeswithsizein

themesoporousreglme，thedimensionsdependingonthesizeoftheorganictemplateused

and other synthetic parameterS．A distinctive characteristic ofthe synthesis ofordered

mesoporousmetalsincontrasttootherorderedmesoporousmaterialssuchasoxidesand

carbonisthatthereductionprocessisconductedundermildconditions，i．e．near－rOOm

temperature，WhichallowspreservationoftheorderedstruCture．ThisisclearlyadifRrent

methodologycomparedtothesynthesisoforderedmesoporousoxidesandcarbon，Where

POSt－heat treatmentis typically叩Plied to convert the polymeric precursor to a rigid

StruCture．In the case ofordered mesoporous metals，the metalprecursoris converted

directly to crystalline nanOParticles by chemicalor electrochemicalmethods，thereby

formlng a rigidframeWOrk that canWithstand template removal．Direct deposition of
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0Ⅹidesisnotasstraightforwardasmetals，aSChemicaloxidationorpolarizationtocathodic

POtentialsleadtoc011叩SeOfthemesoporousframeWOrk・Formationofnickelhydroxide

Surfacelayersonorderedmesoporousnickel（NiOOH／Ni）byelectrochemicaloxidation

methodshasbeenreportedl12－17］．SuchanaPPrOaChshouldbeusefulinpreparingoxides

withamesoporous丘ameWOrkwithouttheneedofpost－heattreatment・

Here，IreportedthesynthesisoforderedmesoporousRuanditsconversionto

RuOx．RutheniumnanoparticlesnndapplicationsinmanyCatalyticapplicationsl18－22］．

Commerciallyavailablehigh－SurfaceareaRublackhastypicalaverageparticlesizeofc．a．

10nmandspeci丘csurfaceareaof＜50m2g．1・Takaietal・havebrieflyreportedonthe

synthesisofmesoporousRublackwithsurfaceareaof62m2gJIvialyotropICCryStal

templatingastheendmemberofthePトRualloyl23］・InadditiontometallicRu，high

Surface arearuthenium oxideis alsoanimportant materialfor various applications，

includingelectrocatalystsforchlorineevolutionl24］，electrochemicalc叩aCitorelectrodes

l25－29］，aSWe11asfuelcellelectrocatalystsl30－39］．Thesmallparticlesize（1－2mm）and

theexistenceof叩PreCiableporesareimportantrequlrementS

forthehighcapacitanCel40－42］．ThesynthesisofhighcapacitanceRuO2（～700Fgrl）has

beenconductedmainlybyso1－gelmethod，leadingtomaterialswithrandommicropores

l25，26］．SurfactantassistedsynthesisoforderedmesoporousRuO2haveso

farresultedinmaterialwithsubstantiallylowcapacitanCeValues，i．e．100Fg‾1［43，44］，

WhichislikelyduetoparticlerlPenlngandporecoll叩Seduetopostheattreatment．Two

StudieshavesucceededinthesynthesisofhighcapacitanCemeSOPOrOuSRuO2，albeitwith

POOrlyorderedordisorderedstruCtureSl45，46］．Herewereportthesynthesisanddetailed
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StruCturalandelectrochemicalcharacterizationofmetallicRuuslnganOn－ionicsurfactant

asthe struCture directlng agent．Furthermore，We demonstratefor the丘rst time，the

COnVerSionofordered mesoporous Ruto RuOxpossesslng aWel1－0rdered mesoporous

StruCturebyelectr0－OXidation．

2．1．2．Experimental

A non－ionic surfactant，Brij56（C16H33（OCH2CH2）nOH，n～10）was addedinto

aqueousRuC13・nH20inthedesiredratios（Brii56：RuC13・nH20：H20＝3：8：8inmass）to

obtainahexagonallyotropicliquidcrystalwithRun’intheaqueousdomain．Zn（SandyZn；

1一4mm）wasthenaddedinappropriateamOuntSandagedforlweekat150Ctoreduce

rutheniumions．Theproductwasthoroughlywashedwithethanoltoremovethesurfactant．

ResidualZnwasremovedbyacidtreatmentwith5MH2SO4・ThestruCtureOftheproducts

WaS Characterized by X－ray diffractionlXRD，Rigaku RINT－Ultima／S2K with

monochromated CuKα　radiation］，Small－angle X－ray SCatteringlSAXS，Rigaku

Nan0－Viewerwithmonochromated CuKαradiation］，tranSmission electronmicroscopy

lHRTEM，JEOLJEM－2010］andhigh－reSOlutionscanningelectronmicroscopylHRSEM，

HitachiS－5000］．

A beaker－tyPe electrochemical cell equlPPed withthe working electrode，a

PlatinummeshcounterelectrodeandaAg／AgCl／KCl（sat．）referenceelectrodeconnected

Withasaltbridgewasused．ALugglnCaPillaryfacedtheworkingelectrodeatadistanCeOf

2mm．Allelectrode potentials throughout the paper willbe refbrredto the reversible

hydrogen electrode（RHE）scale・Ordered mesoporous Ru（20mg）was dispersedin
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ultrapurewater（＞18ME2cm）（10mL）and20LILofthedispersionwascastedontoa

glassycarbonelectrode（5mmindiameter）withamicr0－Pipette．A5wt％Nanonsolution

（20LIL）wasdroppedontotheelectrodetoafnxthepowderontothecurrentcollectorand

dried．Electr0－0Xidationofpre－adsorbedcarbonmonoxide（COad）wasmeasuredbyCOad

strlPPlngVOltammetryinO・5MH2SO4ataSCanrateOflOmVs，1・GaseousCOwas

Purgedintotheelectrolytefor40mintoallowcompleteadsorptionofCOontothecatalyst

Surface while maintaining a constant VOltage of50mV vs．RHE．Excess COin the

electrolyte was thenpurged out by bubblingN2gaSfor40min．The electrochemical

surfaceareaOfRuwascalculatedfromtheCOstrlPPlngVOltammOgramS．TheamOuntOf

COadWaSeStimatedbyintegrationoftheCOadStripplngPeak，COrreCtedfortheelectric

doublelayercapacitanCe，aSSumlngamOnOlayeroflinearlyadsorbedCOontheRusurface

andthe Coulombic chargenecessaryforoxidationas420pC cm‾2・Electrochemical

oxidationwasconductedbypotentialcyclingbetweenO・2andl・2Vvs・RHEat50mVs，1

for500cycles・Thepseduo－CaPaCitanCeOftheelectr0－0Xidizedsamplewascalculatedby

averaglngtheanOdicandcathodiccharge・ComparativeexperimentswithunsupportedRu

black（kindlyprovidedbyN．E．ChemcatCo．）andcarbonsupportedRu（Ru／C；30mass％

RuonVulcanCarbonpreparedbyanimpregnationmethodwasalsoconductedl47］．

2．1．3．Resultsanddiscussion

The XRD pattems ofthe complex ofsurfactant（Brij56）and Ru precursor

（RuC13・nH20）Canbeindexedbasedonahexagonalsymmetryindicatingthe successful

PreParationofahexagonallyotropicliquidcrysta11ine（LLC）phase（Fig．2－1a）．Successfu1
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reductionofrutheniumionstometallicRuwithZnisevidencedbythedevelopmentof

Weakdiffractionpeakswhichcanbeindexedasthe（010），（002）and（011）planeSOf

hcp Ru（Fig．2－1b）．Evidence ofmeso－SCale orderingis stillevident aRer removalof

SurfactantandresidualZn，thoughthelowanglediffractionpeaksarebroadened．SAXS

PrOVidedclearevidenceofthepreservationofthemesoscaleorderingaRerreductionand

SurfactantremOValwithd＝6．4nm（Fig．2－lc）．Electronmicroscopy studiesfumished

directimaglngOforderedmesoporesafterthesurfactantremOVal・Sphericalparticlesof

about50nmindiameterareobservedbySEM（Fig・2－2a）．Thesurfaceoftheparticlesis

SeVerelyrough，SuggeStingaporousnanostruCture・ATEMimageisshowninFig・2－2b，

Whichshowsthateachparticleisconstitutedbyhexagonallyarrangedarraysofporeswith

POre－tO－POre distanCe Of5・7nm・High resolutionimages shows that the walls are

COnStitutedbycrystallineRuparticleswithdiameterofabout2－3nm．Itisalsonotedthat

theSEMimagerevealsthattheorderedmesostruCtureisobservedoverawiderangeinthe

micrometerscale（Fig．2－2）．

ThemesoporousRuobtainedinthisstudyseemstobeslightlylesshomogeneous

COmParedtoreportedmesoporousPtanaloguepreparedbysimilarprocedures，Whichis

COnSistentwiththestudyoforderedmesoporousPトRualloyswherethedegreeofordering

WaSfoundtodecreasewiththeincreaseinRucontentl23］・Althoughastraightforward

COmParisonmaybedifncultbasedonthedifRrentsyntheticconditions，thedif托rencein

nucleationenergyofthemetalsmayplayanimportantfactor・Ptisfairly stableina

nanOParticleform，WhereasRuiskn0wntOeaSilyaggregateintolargerparticlesl47］．

TheelectrochemicallyactivesurfaceareaoforderedmesoporousRumetalwas
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measured by the CO－Stripping method（Fig．2－3）．Two controI samples with similar

geometrywerealsocharacterized；namely，Rublackwithparticlesizeof～50mm，and

RunanOParticleswithdiameterOf～3nmsupportedoncarbon（Fig．2－4）．Thefbatureof

thevoltammOgramOforderedmesoporousRumetal（Fig．2－3a）closelymatchesthatofRu

black（Fig・2－3b）andRu／C（Fig・2－3C）・Thespecincsurfaceareaoforderedmesoporous

RumetalisllOm2g‾1；COnSiderablylargerthanthevalueforRublack（6m2g‾1）and

comparabletocarbonsupportedRunanOParticles（100m2g‾l）．Thislargesurfaceareaisa

COnSequenCeOfthecharacteristicmesoporousstruCture．

ElectrochemicaloxidationoftheorderedmesoporousRumetalwasconductedby

SWeePlngthepotentialbetween0．2and1．2Vvs．RHEat250Cfor500cyclesat50mV

s‾1（Fig．2－5）．Intheinitialcycles，OXidationcurrentsaroundl．0－1．2Vandreduction

CurrentnearO・2－0・4Vcanbeobserved，Withtheoxidationィeductioncurrentsdecreaslng

Withconsecutivecycling．TheanOdicchargeislargerthanthecathodic charge，andis

equalized aRerlOO cycles．These are attributed to surface oxidationand slow surface

reductionl48］．Thenumberofcyclesnecessarytoobtainsteady－Stateissimilartothecase

OfRu／Cand Rublack（Fig．2－6），SuggeSting that the kinetics ofthe electr0－0Xidation

PrOCeSSOforderedmesoporousRuissimilartoRu／CandRublack．Itshouldbenotedthat

thecapacitanCeOfelectr0－0XidizedRublackandRu／Cat2mVs～lwas17F（g－Ru）▲1and

297F（g－Ru）．lafter500cyclesanddoesnotincreasewithconsecutivecycling．Underthe

PreSentCOnditions，Onlythesurfaceand／ornearsurfacelayersmayhavebeenoxidized．

Theredoxpeaksinthehydrogenadsorption／desorption（0．05」）．2Vvs．RHE）and

Surfaceoxidereduction（0・3Vvs・RHE）peakscharacteristicofmetallicRu（Fig．2－3a）are
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nolonger observed aRer electr0－OXidation（Fig・2－5）・The voltammogram　aRer

electr0－0Ⅹidationhasthetypicalfeaturelesssh叩eOfanideallypolarizableelectrodewith

some contribution丘om surface redox processes at O．7　V vs RHE．CO－Stripplng

voltammetrywas conducted onthe electr0－OXidized samPleto confirmtheirreversible

oxidation of Ru to RuOx．No CO oxidation current could be detected after

electr0－0Xidation，COnnrmingtheabsenceofmetallicRuonthesurface．OxidationofRu

WaSalsosupportedbyXPS，reVealingashi氏intheRu3pandRu3dpeakstohigherbinding

energy（Fig．2－7）．Fig．2－8　shows a typical TEMimage of the product after

electr0－OXidation．Clearly，the ordered mesoporous struCtureis preserved after

electr0－OXidation．

Thespecincc叩aCitanCeOftheorderedmesoporousRuO，WaS376F（g－RuO2）－1，

closelymatchingthevalueof350Fg‾1reportedforRuOxobtainedbyelectr0－0Xidationof

aRunlml49］．ThisisthehighestreportedvalueforRuOxmaterialwithawe11－0rdered

mesoporous struCture・The mqor difEbrence with other methods that have employed

templatesisthatthepresentproceduredoesnotinvoIveanyheattreatmenttoremovethe

template．Suchtreatment would resultinpore collapse，Particle rlPenlng，andloss of

intra－Particlewater，intumleadingtosmallersurfaceareaandspeci茄ccapacitanCel43，44］．

The speci且c c叩aCitanCeisunfortunately smallerthanreported valuesforRuO2・nH20

PreParedbyso1－gelsynthesisl25，26］，mOStlikelyduetothelargerprimaryparticlesizeof

RuOx（2－3nmindiameter）constitutingthewallsandpossibleincompleteoxidation．
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2．1．4．Summary

Wehavesuccessfullypreparedrutheniumoxidewithawel1－0rderedmesoporous

struCtureWithspecinccapacitanCeOf376Fg‾1・Theuseoflyotropicliquidcrystalsassoft

templates was utilized to丘rst prepare metallicruthenium．Various characterization

teclmiques clearlyindicated thatthe obtained　ruthenium black was composed of

wel1－0rderedmesoporesinahexagonalarraywithelectrochemicallyactivesurfaceareaof

llOm2gLl・Subsequentelectr0－0Xidationaffbrdedtheoxidizedanalogue；i・e・Ordered

mesoporous rutheniumOXide，aPPlicable to supercapacitor applications．The present

Syntheticapproachisanticipatedtoexplicateageneralprocessforthesynthesisofoxides

withorderednanOStruCtureS．

31



2　　4　　6　　840　　42　　44　　46　　　0510152025

20／degree（CuKα）　20／degree（CuKcL）　　　2β／degree（CuKα）

Fig．2－1．（a，b）XRDand（C）SAXSpattemSOf（1）Run’－－LLCmixturebeforereduction，（2）

a銃erZnreductionof（1），and（3）af［ertemplateandZnremovalof（2）．

Fig．2q2．（a，C）TEMand（b）SEMimagesofmesoporousRu・
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Fig・23・CO－Strippingvoltammogramsof（a）orderedmesoporousRumetal，（b）Rublack，

md（C）Ru／C．

Figure2－4．TypicalTEMimagesof（a）Rublackand（b）Ru／C．
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0．2　　　04　　　06　　　08　　　10　　　1．2

Fig．2－5．Cyclic voltammogramS Ofthe nrst500cycles during the electr0－0Xidation

PrOCeSSOforderedmesoporousRumetal・

02　　　0．4　　　06　　　0．8　　10　　　1．2

亡／VvsRHE

02　　　04　　　0．6　　　08　　　10　　　12

E／VvsRHE

Figure2－6．CyclicvoltammogramSduringtheelectr0－0Xidationprocedureof（left）Ru

blackand（right）Ru／C・
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BlndLngEnergy／eV BlndH1gEnergy／eV BtndlngEnergy／eV

Fig．2－7．XPSRu3pcoreqlevelof（a）RuO2refbrence，（b）SamPlesbeforeelectr0－OXidation，

and（C）samplesafterelectr0－OXidation（left）orderedmesoporousRu，（center）Rublack，

and（right）Ru／C．

Figllre2－8・TEMimage oforderedmesoporous RuOx，the electr0－0Xidizedproduct of

OrderedmesoporousRu．
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2．　2．　Synthesis of mesoporous Ru and RuOx by

electro－deposition／electr0－0Ⅹidation process and application toward

micro－SuPerCaPaCitor

2．2．1．Introduction

Therecentsurgeforsophisticatedportableelectronicsandwirelessnetworksfor

SmartenVironmentshasproventhenecessityofsufRcientlysmall－Sizedcompactenergy

StOragedevices（micro－SuPerCqPaCitors）・Thechallengeistointegratetheactivematerial

On electrodes as close as possible to the electronic circuit（On Chip）．For such

micro－devices，MEMS teclmologyis the most favorable choice of fabrication as

exemplinedbysmartdust，巨－TASl1，2］andp－DMFCl3］．Micro－SuPerCapaCitorshould

besuitableasanauXiliarypowersourceandforload－leveling，OWlngtOthehighpower

densityandlong－CyCleliftl4］・Supercapacitors（electrochemicalc叩aCitors）areenergy

StOragedevicesthatutilizetheelectricdoublelayerformedneartheelectrodesurface

SOmetimesaccompaniedbyfastreversiblesurfaceredoxreactions，thusallowlngquick

andnon－destruCtiveenergyharveStlngwithvirtuallynoneedforthermalmanagement．

Conductingpolymerssuchaspolypyrrolel5－8］andcarbonaceousmateriall9－13］have

been used as active materials　for micro－SuPerCaPaCitor．The fabrication of

micr0－SuPerCaPaCitorin most cases relies on wet－Chemical methods，SuCh as

Photolithogr叩hic processesandinkjet prlnting teclmiques sinceitis necessary to

depositasmallam0untOfactivematerialontoamicro－SizereglOn．
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In aqueous electrolytes，RuO2－based materials show extremelylarge specinc

capacitancel14］．Due to thelack ofabundance ofthe precious metal，SuCh high

performanCematerialshould丘nduseinapplicationswherethedepositedmassisqulte

low，i．e．micro－SuPerCaPaCitors．Micro－SuPerCaPaCitorwithO．5mmX2mmx2electrode

（20トLmgaP）madebydepositionofRu02・nH20usingdirect－laserprintingmethodonto

conductingsubstratehasbeenreportedtoshowhighenergydensityof9mWg．1【15］．

Fabricationofmicro－SuPerCaPaCitorcomposedofapalrOflO electrodeswith40Llm

electrodewidthand40トLm gaP byinkiet－Prlntlng Ofactivated carbonhas also been

achievedl9］．Electrochemicaldepositionprocesses have been successfully appliedto

deposit conducting polymers such as polypyrrole directly onto electrodesl5－8］．

Regardless ofthe fabricationteclmiques，the commonchallengeisto depositporous

materialonmicro－Sizedsubstrateswithoutshortingthepositiveandnegativeelectrodes．

NewdepositionoforderedmesoporousRuOxontoacommercialinter－digitated

array（IDA）electrodeconsistingofapairof65electrodeswithlOトImelectrodewidth，5

PmgaPhasbeenattempted・Asfarastheauthorsareawareof；theelectrodewidthand

gap ofthemicro－electrodeusedinthis studyarethe smallestevertobe appliedfor

micro－SuPerCaPaCitor applications・A combination ofelectro－deposition（for precisely

COntrOlleddeposition），lyotropicliquidcrystaltemplating（forproducingaRumetalwith

anOrderedmesostruCture），andelectr0－OXidation（forgentleoxidationofdepositedRuto

RuOx）has been applied・Ordered mesoporous Ptl16－19］，Nil20，21］，Rul22］and

Ni（OH）2［23，24］have been prepared by supermOlecular assembly of surfactants as
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template・ThesynthesisoforderedmesoporousmetallicRubychemicalreductionof

Run’introducedintohydrophilicreglOnOfnon－ionicsurfactantBrii56wasdemonstrated

inchapter2・1・・FurthermOre，OrderedmesoporousRumetalwassuccessfullyconverted

toRuOxbyelectr0－0XidationwhilemaintainingitsmesoporousstruCture・

First，the details ofthe synthesis and electrochemicalc叩aCitor behavior of

OrderedmesoporousRuOxontoTisubstratewith1．5cmxl．5cmbyelectro－deposition

andelectr0－0Xidationareillustrated．Next，thefabricationofamicro－SuPerCaPaCitoruslng

commercialIDA electrodeis demonstrated．Ordered mesoporous Ru metal was

electro－deposited directly ontoIDA electrode by uslng a bi－POtentiostat with

four－electrode system to separately control the electro－deposition behavior of two

WOrkingelectrodesontheIDAelectrode・ARerelectr0－OXidation，theelectrochemical

CaPaCitive property of the obtained mesoporous RuOx micro－SuPerCaPaCitor was

evaluatedbycyclicvoltammetryandconstantCurrentCharge／dischargemeasurement．

2．2．2．Experimental

HexagonallyotropicliquidcrystalwithRun＋precursorinhydrophilicreglOnWaS

PreParedbymixingRuC13，nOn－ionicsurfactantBrij56（C16H33（OCH2CH2）nOH，n～10）

and H20inthe predetermined ratio（Brii56：RuC13：H20＝7．5：0．5：7．Oin mass）．This

We11－mixedlyotropICliquid crystal was used as the electrodeposition bath．The

electro－deposition process was conductedin a three－electrode system consisting ofa

titaniumplateworkingelectrode（1．5cmxl．5cm），aPlatinummeshcounterelectrode
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and a Ag／AgCl／KCl（Sat・）reference electrode．Ordered mesoporous Ru metal was

electro－depositedontoTiplateatconstantpotential（－0．2Vvs．Ag／AgClfor8h，－0．3，

－0・4，－0・5，－0・6Vvs・Ag／AgClforlh）・ARerelectro－deposition，thesamplewascarefu11y

WaShedsequentiallywithethan01，aCetOneandultrapurewatertoremovetheBrij56

templateandanyun－reaCtedRuC13・OrderedstruCtureOfelectro－depositedmesoporous

RumetalwascharacterizedbyX－raydiffraction（XRD，RigakuRrNT－Ultima／S2Kwith

monochromated CuKaradiation）and transmission electron microscopy（TEM，JEOL

JEM－2010）．

Electrochemical measurements were carried out uslng a beaker－tyPe

electrochemicalcellcomposedofaPtmeshcounterelectrodeandaAg／AgClrKCl（Sat．）

referenceelectrodeconnectedwithasaltbridge・ALugglnCaPillaryfacedtheworking

electrodeatadistanceof2mm．Electrodepotentialswillbereferredtothereversible

hydrogenelectrode（RHE）potentialscale・Inorderto evaluatetheelectrochemically

active surface area of the electro－deposited mesoporous Ru metal，CO strlPPlng

VOltammetry WaS COnducted by electr0－0Xidation ofpre－adsorbed carbon monoxide

（COad）inO．5MH2SO4ataSCanrateOf2mVs‾1．TheamOuntOfCOa。WaSCalculatedby

integration of the COad Stripplng Peak，COrreCtedfor the electrical doublelayer

CaPaCitanCe，aSSumlngamOnOlayeroflinearlyadsorbedCOonthemetallicRusurface

andtheCoulombicchargenecessaryforoxidationas420LICcm－2・ElectrochemiCal

0XidationwascarriedouttoconvertfromRumetaltoRuOxbypotentialcyclingbetween

O・2andl・2Vvs・RHEatascanrateOf50mVs－1for500cycles・Thenthecapacitive
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behaviorofelectr0－0XidizedmesoporousRuOxwasestimatedbycyclicvoltammetryln

O・5MH2SO4electrolyteandthespecinccapacitancewascalculatedbyaveragingthe

anOdicandcathodiccharge丘omthecyclicvoltammograms．

Acommercializedinter－digitatedarray（IDA）electrode（BASInc．，Japan）was

usedasamicro－SuPerCaPaCitorsubstrate・ElectrodepositionprocessofmesoporousRu

metalontoIDAelectrodewasperformedbyuslngabi－POtentiostat．TheIDAelectrodeis

COmPOSedofapairof65carbonelectrodes（2mmlongxlOpmwideand5LImgaP，1．3

mm2perelectrode）andacarboncounterelectrode．AAg／AgCl／KCl（Sat．）electrodewas

usedasthereferenceelectrode．First，thepotentialofelectrodelwassett0－0．3Vvs．

Ag／AgCIwhile applyingl．O Vvs．Ag／AgClto electrode2for15min．This allowed

deposition ofmesoporous Ru metal on electrodel while preventing ummeCeSSary

deposition ofRu metalonto electrode2・Then，the potentials ofthe two working

electrodeswerereversedtoelectro－depositmesoporousRumetalontoelectrode2．This

SequenCeWaSrePeated3times・Afterelectro－deposition，theelectrodewasthoroughly

WaShed with ethan01and ultrapure water．Finally，meSOPOrOuS Ru／IDA was

electr0－0XidizedbypotentialcyclingbetweenO．2andl．2Vvs．RHEatascanrateOf50

mvs－1for500cyclesinO・5MH2SO4tOObtainmesoporousRuOx／IDA・Thecapacitive

behaviorwas evaluated by cyclic voltammetryforthe three－electrode systemand by

COnStant Current Charge／discharge measurementsin the case of two electrode

COnngurationinO．5MH2SO4．
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2．2．3．Resultsanddiscussions

2．2．3．1．Electrochemicaldeposition ofmesoporous Ru metalonto Tiplate and

CapaCitivebehaviorofelcctr0－0XidizedmcsoporousRuOxrri

ThelowangleXRDpattemsofelectro－depositedmesoporousRumetalprepared

at di飴rent deposition potentials（EED）are shownin Fig．2－9a．Thelyotropicliquid

CryStalphase containing RuCl3PreCurSOr（sample before electro－deposition）is also

ShownaSareference・ThelowangleXRDpeaks ofthe samPlebefore applyingany

POtentialcanbeindexed based on a hexagonalcrystalstruCture，indicatlng Ordered

arrangementOfmicelleinlyotropicliquidcrystalphase．ARerelectro－deposition，abroad

XRDpeakcenteredatd＝5．8nmwasobservedforEED≦－0．3Vvs．Ag／AgCl．Thed

Values atterelectro－depositionagreedwithdlOValue oflyotropICliquidcrystalphase

before deposition（dlO＝5・9nm），SuggeStingthattheorderedporous struCture Ofthe

ParentlyotropICliquidcrystalphaseispreservedintheelectrodepositednlm．Thed10

Valueof5．8nmcorrespondstoapore－tO－POredistanCeOf6．7nm．Theseresultsarein

agreementwiththatofchemicallyreducedmesoporousRumetalshowninchapter2．1．．

AtEED＝－0．2Vvs．Ag／AgClthelowangleXRDpeakwas severelybroadened and

Observedathigherdiffractionangle，SuggeStingadisorderedmeso－StruCture．

Evidence ofreductionto Rumetalwas obtainedfrom the highangle XRD

PattemS（Fig．2－9b），Aweak，broadpeakwasobservednear20＝410－440atlowEED，

Whichcorrespondtothe（002）and（101）diffractionpeaksforRumetal．
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TheTEMimagesofvariouselectro－depositedmesoporousRumetalmmsare

showninFig．2－10．ThesamPlesweremechanicallyscrapedoff丘omTisubstrateforthe

TEM observations．Ordered mesoporous array was observedfor EED≦－0．3V vs．

Ag／AgCl．The one dimensionaltunne1－1ike pores observedin Fig・2－10c reflect the

StruCtureOfthehexagonalphase．ThedistanCe Observedinthe TEMimage（～6nm）

CloselymatchesthedlO＝5．9nmcalculatedfromXRDpattem．ThemesoporousstruCture

Of electro－deposited丘lm at－0．6V vs・Ag／AgCI was hexagonal（Fig．2－10e）．The

POre－tO－POredistanCeOf7－7．5nmobservedforthefilmelectro－depositedat－0．6Vvs．

Ag／AgClisconsistentwiththeestimatedvalueobtainedfromtheXRDpattem（6．7nm）．

TheTEMimagesalsorevealthatthemeso－StruCtureShaveawallthicknessofabout3nm．

TheTEMimagesofthesamPleobtainedatEED＝－0．2Vvs．Ag／Ag／Cl（Fig．2－10a）

Showedno evidenceoforderedstruCture，WhichisinagreementwiththeXRD data．

Basedontheresults丘omXRDmeasurementsandTEMobservations，itisconcludedthat

OrderedmesoporousRumetalmmwassuccessfullyelectro－depositedwhenEED≦－0．3V

VS．Ag／AgCl．

TheelectrochemicalactivesurfaceareaofmesoporousRumetalwasevaluated

by CO－StrlPPlng method．CO－Stripplng VOltammOgramS Ofthe products obtained at

variousEEDareShowninFig．2－11．ThevoltammOgramSareSimilarinshapetocarbon

SuPPOrtedRumetall25］．Theelectrochemicallyactivesurfaceareasrangedbetween70

and130m2g－1（Table2－1）．

OrderedmesoporousRumetalwaselectr0－0Xidizedtoconverttomesoporous
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RuOxbysweeplngthepotentialbetweenO・2andl・2Vvs・RHEfor500cyclesat50mV

s－1（Fig．2－12）．AtypicalTEMimageoftheelectr0－0XidizedproductisshowninFig．

2－13．TheorderedmesoporousstruCtureissustainedaftertheelectr0－0Xidationprocess．

CyclicvoltammOgramSOforderedmesoporousRuOxaRerelectr0－OXidationareShownin

Fig・2－14・ThecyclicvoltammOgramSeXhibitedrectangularshapewithabroadredox

PeakatO．7Vvs．RHE，tyPicalofidealcapacitivebehaviorincludingsomecontribution

丘ompseudo－CaPaCitanCe・OrderedmesoporousRuOxexhibitedhighspecinccapacitance

of～400F（g－Ru）－1（Table2－1）．Thespecinccapacitanceinthisstudyissmallerthanthat

OfRuO2・nH20prepared by so1－gelmethodl14］probably due to thelarger primary

Particle with about3nm diameterand possibleincomplete oxidation．Under the

electr0－0Xidationconditionsqppliedinthisstudy，Onlysurfaceand／ornearsurfacelayers

mayhavebeenoxidized．

2．2．3．2．Micro－SuPerCaPaCitor properties ofinter－digitated　array electrode

modiJiedwithelectro－depositedmesoporousRuOx

Fig．2－15a，e Shows the microscopICimage of the bare electrode before

electro－deposition．Theblackportionisthecarbonelectrode，andthewhitereglOnisthe

electrode gap（glass substrate）・Initialattemptsto electro－depositmesoporous Ruonto

bothelectrodesland2simultaneOuSly（Scheme2－la）wereunsuccessfu1．Depositionof

active materialin the electrode gap could not be avoided（Fig．2－15b，f），leading to

electricalshort－Circuiting whichcouldeasilybe con丘rmedby checkingthe resistanCe

48



betweenelectrodesland2．Sequentialelectro－depositionontoelectrodelfollowedby

electro－depositionontoelectrode2alsoprovedineffbctive（Scheme2－lb，Fig．2－15C，g）．

In order to evade deposition ofelectrode materialwithin the5トLm gaP，Sequential

electro－depositionuslngareVerSebiaswasconductedusingabi－POtentiostatsystemas

ShowninScheme2－1C・MesoporousRuwas丘rstelectro－depositedbyapplying－0．3Vvs．

Ag／AgCltoelectrodelfor15minwhilekeeplngthepotentialofelectrode2atl．OVvs．

Ag／AgCl．Thepotentialofelectrode2isessentialtoassurethatelectrodesland2arenot

Short－Circuited．Next，the potentials ofthe two working electrodes were reversed to

electro－depositmesoporousRumetalonto electrode2・This sequencewasrepeated3

times．AsshowninFig．2－15preftrentialelectro－depositionontobothelectrodesland2

WaSaChievedbythisbi－POtentiostaticdepositionteclmique．

ThemicroscopICimageofthebareIDAelectrodeiscomparedwiththatafterthe

nrst bi－POtentiostatic electro－deposition onto electrodelin Fig．2－16aand b．Three

reg10nS With di脆rent contrast could be observed aRer the Rrst bi－POtentiostatic

electro－deposition（Fig．2－16b）・Theblackregionisthebarecarbonelectrode2，thegray

reglOniselectrodelwithelectro－depositedmesoporousRumetal，andthewhiteareais

the glass substrate．It should be notedthat such clearimages couldnotbe obtained

Without the reverse bias・The microscopICimage of theIDA after　3　cycles of

bi－POtentiostaticelectro－depositionontoelectrodesland2isshowninFig．2－16C．No

Short－Circultlng WaS Observed．SEMimages of the electro－deposited Ru showed

WOmhole－likemesostruCture（Fig．2－17）．
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CO－StrlPPlng VOltammogramS Ofmesoporous RumetalonIDA electrodefor

electrodel＋2areexhibitedinFig．2－18．ThecalculatedsurfaceareaofRumetalon

IDAelectrodeis40・3cm2・BasedonthespecincsurfaceareaofmesoporousRumetal／Ti

of130m2g．1（EE。＝－0．3Vvs．Ag／AgCl），theamountOfRuonRu／IDAisestimatedas

3．1帽（119PgCm‾2）．

Mesoporous Ru／IDA electrode was converted to mesoporous RuOx／IDA by

electr0－0Xidationin0．5MH2SO4．CyclicvoltammogramSOfmesoporousRuOx／IDAfor

electrodesland2measuredindividuallyinathree－electrodesystemareshowninFig．

2－19．Thecqpacitanceofelectrodesland2wasO・604mFandO．732mF，reSPeCtively．It

canthus be said that the electro－deposited amount ofmesoporous RuOx onto both

electrodeswassimilar．Ifelectrodesland2weretobeshort－Circuited，thecapacitanCeOf

electrodel，electrode2，andelectrodel＋2（electrodesland2connectedinparallel）

wouldallbeequal．ThecapacitanCeOfelectrodel＋2gaveacapacitanceofl．328mF

（Fig．2－19），matChing the sum ofthe capacitance ofelectrodesland2・Using the

capacitanCeOfl・328mFandthe specinccapacitanCeValueof380F（g－Ru）－1for

mesoporousRumetal／Ti（EED＝－0・3Vvs・Ag／AgCl），theamountOfRuonRu／IDAis

estimatedas3・49トIg・Theestimatedvalueisingoodagreementwiththatobtainedfrom

CO－StripplngVOltammetry・

The capacitive performanCeS Ofmesoporous RuOx／IDA micro－SuPerCaPaCitor

Were meaSured by constant－Current Charge／discharge measurements．Constant current

Charge／discharge curveS after electr0－0Xidation of mesoporous Ru exhibitedideal
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CaPaCitive charge／discharge behavioras glVenin Fig・2－20a．Atthe smallest current

densityofO・38mAcm‾2，amaXimumspeci丘ccapacitanceof12・6mFcm－2（0・328mF）

WaSObtained・ThecapacitanCeValueofO・328mFis叩PrOXimatelyone－halfofthesingle

electrodecapacitanCeOfelectrodel（0・604mF）obtainedfromcyclicvoltammetry．This

isinagreementtothec叩aCitanCeequationofatwoelectrodesystemwherel／Gw。＝

1／Celectr。del＋1／Celect，。de2．

ThespecinccapacitanCe，energy，andpowerwerecalculatedusingthemassof

RuobtainedfromCO－Strippingvoltammetry（3・lLlg－Ru）・Themaximumspecincenergy

was12．5Wh（kg－Ru）．1（1．49pWhcm‾2）atO．38mAcm－2andmaximumSPeCincpower

was6．29kW（kg－Ru）－1（750pWcm‾2）at2．88mAcm－2（Fig．2－21，Table2－2）．The

energydensityiscomparabletoaRuO2－basedmicro－SuPerC叩aCitorfabricatedbylaser

directwriteandmicromachiningl15］・TheobtainedpowerperformanCeisnotasgoodas

expected，maybeduetoolmicresistanceofthecarbon－basedIDAelectrode．

2．2．4．Summary

Ordered mesoporous Ru metalthin nlm on a Tisubstrate was successfu11y

PreParedbyelectro－depositionprocessfromlyotropicliquidcrystalasatemplate・The

OrderedmesoporousRumetalhasawel1－0rderedmesoporous struCtureinahexagonal

arraywithelectrochemicallyactivesurfaceareaof～100m2g－1・Hexagonallyordered

mesoporousRuOx／Tiwasobtainedbyelectr0－0Xidationin0．5MH2SO4andexhibiteda

specificcapacitanCeOf～400F（g－Ru）‾1．FurthermOre，meSOPOrOuSRuOxwassuccessfully
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electro－depositedontoanIDAelectrodecomposedofapairof65electrodeswithlOトLm

Widthand5トImgaP．MesoporousRumetalwaselectro－depositedontotheIDAelectrode

uslng bi－POtentiostatic electro－depositionand subsequently electr0－OXidized．The thus

PrePared mesoporous RuOx　micro－SuPerCaPaCitor exhibited good electrochemical

c叩aCitorpropertieswithspecincc叩aCitanCeOf12・6mFcm－2andaspecincenergyof

12，5Wh（kg－Ru）．1．
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1　2　3　4　5　6　7　8　　　　40　42　44　46　48

28／degree（CuKα）　　　　　20／degree（CuKα）

Fig．2－9．（a）Lowand（b）highangleXRDpattemSOfthinmmproducts obtainedat

Various electro－deposition potentials，EED．The XRD pattem Ofthe mixture ofthe

PreCurSOrbeforeelectro－depositionisshownin（a）asareference．
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Fig．2－10．TEMimagesofmesoporousRumetalelectro－depositedat（a）－0．2，（b）－0．3，（C）

－0．4，（d）－0．5，and（e，f）－0．6Vvs．Ag／AgCl．
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Fig・2－11・CO－StripplngVOltammOgramSOfmesoporousRumetalatlOmVs－1in0．5M

H2SO40btainedbyelectro－depositionat（a）－0・2，（b）qO・3，（C）－0・4，（d）－0．5，and（e）－0．6V

VS．Ag／AgCl．

54



Table2－1．ElectrochemicallyactivesurfaceareaofmesoporousRu／Tiandspecinc

CapaCitanceofmesoporousRuOJTl・

EED／Vvs．Ag／AgCl

Elecrtrochemicalactivesurfhearea Specinccapacitance

′m2g－1　　　　　　　′Fg－1

0．2　0．4　0．6　0．8　1．0　1．2

E／Vvs．RHE

Fig・2－12・Cyclicvoltammogramsduringelectr0－0XidationprocedureofmesoporousRu

metalinO・5MH2SO4electrolyteat50mVsLl・
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Fig．2－13．TEMimage ofordered mesoporous RuOx electro－deposited at－0．6V vs．

Ag／AgClandsubsequentlyelectr0－0Xidized・

aFED＝【D・∨ 　●■■●■● ��已］ ������
・乾急00mVs‾1 mvさ‾1J 

≡＝
02　04　08　08　10　12　02　04　08　08

亡／Vvs RHE E／V＼唱　RHE

Fig．2－14．Cyclic voltammOgramS Of mesoporous RuOx after electr0－0Xidation of

mesoporousRumetalobtainedbyelectro－depositionat（a）－0．2，（b）－0．3，（C）－0．4，（d）－0．5，

and（e）－0・6Vvs・Ag／AgCl・Electrolyte＝0・5MH2SO4，SCanrate2（line），20（dottedline），

200（brokenline）mVs‾1．
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（a）Electrodeposllionontobothelectrodeatonce

（b）ELectrodepcLSltlOnSeParateLyon100neeEectrode

（C）ElectrodeposLt10nSeParateIyontoonee，Eectrodeu＄lngbL－POtentIOStat

Scheme2ql．Schematic ofelectro－depositionprocedure ofmesoporous Rumetalonto

IDA electrode・（a）Electro－deposition onto bothelectrodes at once，（b）sequential

electro－depositionontooneelectrodeatatime，and（C）bi－POtentiostaticelectrodeposition

ontooneelectrode．
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Fig．2－15・Opticalmicroscopicimagesofovera11（a－d）andmagni鎖edview（e－h）forIDA

electrode・（a，e）Befbre electroLdeposition（as－reCeivedIDA electrode）．After

electro－depositionofmesoporousRumetalontoIDAelectrodeby（b，f）electro－depositing

both electrodes at once（Scheme2－1a），（C，g）sequentialelectro－deposition onto one

electrodeatatime（Scheme2－1b），and（d，h）bi－POtentiostaticelectro－depositionontoone

electrode（Scheme2－1C）．
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Fig．2－16．0pticalmicroscopicimagesofIDAelectrodefor（a）beforeelectro－deposition，

（b）after bi－POtentiostatic electro－deposition onto one side，（C）aRer birpotentiostatic

electro－depositionontobothelectrodes．
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Fig．2－17．SEMimageofmesoporousRumetal／IDAelectrode．
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E／Vvs RHE

Fig・2－18・CO－StrippingvoltammogramOfmesoporousRumetalonIDAelectrodefor

electrodel＋2（electrodesland2connectedinparallel）inO．5MH2SO4at2mVs‾1．
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0．2　0．4　0．6　0．8　1．0　1．2

E／Vvs．RHE

Fig．2－19．CyclicvoltammogramsofmesoporousRuOJIDAelectrodeforelectrodesl，2

andelectrodel＋2（electrodesland2connectedinparallel）bothat50mVs‾1inO．5M

H2SO4．
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（a） 

l ���ｨ����Csvﾔ�6ﾔ｣"�ﾆﾆﾆﾆﾂ�

10　　20　　30　　40　　50　　60　　70

日sec

（b） 0．38mAcm－2 

3．852．881 l �#��CSC��C�X�c�耳�����X�X�ﾃ��Ssr�ﾆﾆﾆﾂ�

0　　　5　　10　15　　20　　25　　30　　35

Fig．2－20．（a）Charge／dischargecurveatO．77mAcm－2and（b）dischargecurveSatVarious

dischargecurrentsformesoporousRuO，micro－SuPerCaPaCitorinO．5MH2SO4．

62

8

　

　

　

　

6

　

　

　

　

4

　

　

　

　

2

＞
、
U
寧
柑
｝
ち
＞
三
の
U

0

　

　

　

8

　

　

　

6

　

　

　

4

　

　

　

2

　

　

　

0

J

l

・

　

　

0

　

　

　

0

　

　

　

0

　

　

　

0

＞
、
①
謬
l
一
〇
＞
ニ
0
0



0．1
2　　3　4　5　6　　　　　　　　　2　　3

SpecificEnergy／Wh（kg－Ru）－1

Fig．2－21．RagoneplotoffabricatedmesoporousRuOxmicr0－SuPerCapaCitor

Table2－2．SpecificationsofmesoporousRuOxmicro－SuperCapaCitor．

ノ／mAcm－2

SpeclnCCaPaCltanCe SpeclnCenergy Specl重cpower

／mFcmL2　／F（g－Ru）．L　／Wh（kg－Ru）L）　／kW（kg－Ru）‾1

8　　　　　　12，6　　　　　　　106　　　　　　　125

8　　　　　　12，7　　　　　　　106　　　　　　　11．6

7　　　　　12．9　　　　　　109　　　　　　　11．1

5　　　　　　13．0　　　　　　　109　　　　　　　　　9．7

4　　　　　　13．0　　　　　　　109　　　　　　　　　8．4

2　　　　　　12．9　　　　　　　108　　　　　　　　　7．1

8　　　　　　12．8　　　　　　　107　　　　　　　　　4．0

5　　　　　　11．5　　　　　　　　97　　　　　　　　1．8
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Chapter3

Electrochemicalcapacitorpropertyof

NiOelectrodeinionicliquids
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3．1．Introduction

Metal oxides have been studied as potential candidates as electrodes　for

electrochemicalcq）aCitors・Variousoxideshavebeenproposedsofar，includingoxidesof

Ru，Ir，V，Mn，Mo，andNil1－6］．Asalightandabundantmaterial，nickeloxideis a

POtential candidate，Showing electrical doublelayer capacitorlike behavior between

O．87－1．27Vvs．RHEinalkalineelectrolytesl7］．Specinccapacitanceof200－300Fg‾lhas

been reportedl7，8］，Whichis comparable to commercialactivated carbon electrodes．

AlthoughthehighcapacitanCeisinspiring，thenarrowelectrochemicalwindow（Ca．0．5V）

limitstheuseofNiOelectrodesformanyaPPlications，aStheenergydensityofac叩aCitor

isl／2CTP・Thus，itwouldbebenencialiftheelectrochemicalpotentialrangeCOuldbe

widened．

Ionicliquidshaveattractedincreasedinterestasanewelectrolytesystemwith

high conductivity and wide electrochemicalwindow．Only a ftw studies have been

COnductedsofarregardingthecapacitivebehaviorofoxideelectrodesinionicliquids．

RuO2electrodeshavebeenreportedtoexhibitlowerspecinccapacitanCeinionicliquids

COmParedtosulfuricacidl9，10］・Astudyusinganickel－basedrareearthoxidepreparedby

oxidationofanicke1－basedmischmetalreportscapacitanCeOf360F g・1witha2V

electrochemicalwindowin1－buty1－3－methylimidazoliumhexafluorophosphatel11］．Here，

WereportthecapacitivepropertiesofNiOinvariousionicliquidsandcomparethemtothe

behaviorinalkalineandnon－aqueOuSelectrolytes．
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3．2．Experimental

NiOelectrodeswerepreparedbydip－COatingfbllowingliteratureproceduresl7］．

Ni（CH3COO）2・4H20（Aldrich）wasdissoIvedindistilledwater，andmagneticallystirred

for3daysunderambientconditionstoobtainasol・Thegreenprecipitatewascentrifugally

COllectedanddispersedindisti11edwater・ANiplate（1cmxIcm，0．1mmthick）was

dippedintothisdispersionanddrawnoutatarateofO・1cms－1・ARerdrying，theelectrode

WaSheat－treatedat3000CinairtoobtainNiO／Ni・Themassofthecoating，tyPicallyO．2

mgcm’2，WaSmeaSuredusingamicrobalance（AEG－45SM，Shimadzu）．

Athree electrode cellwas employedforelectrochemicalcharacterization．The

counter electrode was Pt and the refbrence electrode was a Ag／Ag’（BAS）．All

electrochemicalmeasurementswereconductedinaN2－nlleddrybox（dewpoint＜－900C）．

Theionicliquidsused werel－ethy1－3－methylimidazolium tetrafluoroborate（EMI－BF4），

1－ethyl－3－methylimidazolium trifluoromethaneSulfonate　　　（EMI－TFMS），

1－ethy1－3－methylimidazolium　　bis（trifluoromethanesulfonyl）imide　　（EMI－TFSI），

N，N－diethy1－N－methyl－N－（2－methoxyethyl）ammOnium tetrafluoroborate（DEME－BF4），

N，N－diethyl－N－methyl－N－（2－methoxyethyl）ammOniumbis（trifluoromethanesulfonyl）imide

（DEMETFSI），and1－buty1－3－methyl－imidazoliumhexanuorophosphate（BMI－PF6）．l M

tetraethylammOniumtetrafluoroborate／propylenecarbonate（TEA－BF4／PC）wasusedasthe

nonaqueouselectrolyte．1MKOHwasalsostudiedasthealkalineelectrolyte．Allreagents

Were uSed as－reCeived．X－ray diffraction（XRD）was conducted with a Rigaku

RINT2500HF／PC，and a Hitachi S－5000was usedfor scamm1ng electron microscopy

（SEM）．
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3．3．Resultsanddiscussion

SEMimagesofthesurfaceoftheNiOrNielectroderevealednnenanOParticles

COnStitutingamud－CraCk－1ikeporousnetwork（Fig・3－1）・TheXRDpattemOftheprepared

NiO／Nielectroderevealsabroadpeakat20＝380，Whichcanbeindexedasthe（111）

reflectionofNiO（Fig．3－2）．Theparticlesizeestimatedfromthispeakwasca．4nm，in

accordancewiththeSEMimages．

ThecyclicvoltammogramofNiO／NiinlMKOHistypicalofapolarizable

electrode，CharaCterized by arectangularly shapedvoltammOgramWithno appreciable

faradaicprocess，Whichindicatesthatthecharge storageisdominatedbytheelectrical

double－layercharging（Fig．3－3）．ThespecinccapacitanCeWaSlOOFg－lat2mVs－1and

decreasedto60Fg－1at500mVs－1■ThespecinccapacitanCeValuesareinaccordanCeWith

reportedliteraturevalues［1－6，12，13］andarecomparabletoporouscarbonsundersimilar

experimentalconditions・However，theenergydensity，8kJkg－1，isconsiderablylowdueto

thenarrowpotentialwindowofO．4V．

CyclicvoltammogramOfNiO伽iinlMTEA－BF4′PCat2mVs－1isshowninFig・

3－4a．Thevoltammogramsrevealnoevidenceofredoxreactions，tyPicalofanon－Faradaic

ideallypolarizableelectrode・ThecqpacitanCeis19Fg－1at2mVs－1，Whichismuchlower

thanthecapacitanCeinlMKOHbuthigherthanthecapacitanCeOf8Fg－lreportedfor

RuO2inlMTEA－BF4／PCl10］．AlthoughthecapacitanceislowcomparedtoIMKOH，

the2・5Vpotentialwindowresultsinaseven－foldgreaterenergydensltyOf58kJkg－J・

VoltammogramSOfNiO／Niinsixdi脆rentionicliquidsareshowninFig．3－4bto

3－4g．The speci丘c capacitanceand energy denslty are Summarizedin Table3－1．The
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specincc叩aCitanCeinionicliquidsrangedfiom12to33Fg－1，WithEMI－BF4affbrding

thehighestc叩aCitanCe・ThesevaluesareCOnSiderablyhigherthanthereported6・5Fg－1

forRuO2inthesameelectrolyteEMLBF4［9］・Redoxpeakssuggestiveofanyfaradaic

COntributionfromthecationortheanionwasnotobserved，thusthecapacitivebehaviorfor

NiOinorganicelectrolytesisassumedtobemainlytoelectricaldoublelayercharging．It

ShouldbenotedthatredoxpeaksduetofaradaicreactionsareClearlyobservedwhenthe

upperpotentiallimitisincreasedtoca・1．6Vvs．RHEinlMKOH．Inaddition，uSlngthe

specincsurfaceareaofllOm2g－1measuredbyN2SOrPt10nStudiesforun－SuPPOrtedNiO

Obtainedbyheattreatmentofthedriedsol，SPeCi丘ccapacitanCePerunitsurfaceareaof

l1－30LLFcm－1isobtained，Whichisclosetovaluesformostcarbonaceousmaterials・These

resultsareinsupportoftheconclusionthatthec叩aCitivebehaviorforNiOinorganic

electrolytesisduetonon－faradicreactions・

The sharpriseincurrentobservedinthehigh－POtentialreg10nmaybedueto

residualwaterintheelectrolyte．The3Vpotentialwindowresultinalargeenergydensity．

AlthoughthespecinccapacitanCeinEMI－BF4WaSamerel／30fthatinlMKOH，the

energydensityobtainedinEMI－BF4WaSalmost20timeshigherduetothe3Vpotential

windowapplicableinEMI－BF4aSCOmParedtotheO・4VpotentialwindowforKOH．The

obtainedlargestenergydensitywas150kJkg－1inEMI－BF4・ThespecinccapacitanCe

obtainedforNiO／Niinvariousionicliquidscanbediscussedbasedonthe sizeofthe

cationsandanions．Thespecinccapacitanceincreaseswiththedecreaseintheionicradius

oftheanionorthecation；thecombinationofEMI＋andBF4‾glVlngthelargestspecinc

capacitancewhileionicliquidsbasedoncomparativelylargerDEME＋andTFSI－resultsin
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Smaller capacitanCe（Fig．3－5）．This trend canbe compared to work on carbon－based

electricaldoublelayerc叩aCitorswherethecapacitanCeincreaseswiththedecreaseinthe

Sizeoftheionsl14，15］．

3－4．Summary

In conclusion，the capacitive behavior of dip－COated NiOrNi was studiedin

VariOusaqueousandnon－aqueOuSelectrolytes．Withinthenon－aqueOuSelectrolytesstudied，

1－ethy1－3－methylimidazoliumtetrafluoroborate（EMI－BF4）afR）rded the highest specinc

capacitanceof33Fg－1andenergydensityof150kJkg－1・TheenergydensltyWaS20times

higherthanlMKOHelectrolyte．ThechargeStOragebehaviorinnon－aqueOuSelectrolytes

issuggestedtoarisemainlyfromelectricaldoublelayercharging．Asaconsequence，the

Chargestoragecapabilityinnonaqueouselectrolyteswasstronglydependentonthesizeof

theions．

72



Fig．3－1．Typical SEMimages ofthe surface ofthe NiO／Ni electrodesin diffbrent

magni丘cadon．

10　20　30　40　50　60　70　80　90

20／degree（CuKα）

Fig．3－2．XRDpattemoftheNiO／Nielectrode．Peaksmarkedwithasteriskareduetothe

Nisubstrate．
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E／VvsRHE

Fig．3－3．CyclicvoltammOgramS OftheNiO／Nielectrodeinl MKOHatvarious scan

rates．
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（a）TEA－BF4／PC lll 

ll （b）EMトBF4 lll ��（C）EMl－TFMS ll 

lll （d）EMl－TFSl lll ��lll （e）－EME－BF4 ll 

lIl （f）DEME－TFSl lll ��（g）BMl－PF6 lll 

－1．0　　0　　1．0　　　－10　　0　　1．O

E／VvsAg／Ag＋　　　E／VvsAg′Ag＋

Fig・3－4・CyclicvoltammOgramSOfNiO′Niinvariouselectrolytesat2mVs－l・
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Table3－1・SpecificenergyandcapacitanceofNiO／Niinvariouselectrolyte

systemsat2mVs－1・

Electrolyte
Specificenergy／kJkg－1specinccapacitatanCe／Fg－1

＠2mVs‾1＠200mVs．1＠2mVs‾1＠200mVs．1

EMI－BF4

EMI－TFMS

EMI－TFSI

DEME－BF4

DEME－TFSI

BMLPF6

150　　　　　　90

130　　　　　　77

78　　　　　　54

100　　　　　　50

74　　　　　　46

56　　　　　　27

33　　　　　　　20

29　　　　　　17

17　　　　　　12

23　　　　　　11

17　　　　　　10

12　　　　　　　6

lMTEA－BF4／PC　　　58　　　　　38　　　　　19　　　　　12

lMKOH　　　　　　　　　8　　　　　　5　　　　　　101　　　　　　66

50

0．30　　　　0．32　　　　0．34　　　　0．36

10nicradrusofcation／nm

100

50

△EMl＿TFMS

［コDEME－BF。
EMl－TFSJ

等

Dq DEME－TFSI
BMトPF6

0，24　　　　0．28　　　　0．32

10nicradiusofanion／nm

Fig．3－5．Theenergydensityasafunctionoftheionicradiusofthe（a）cationand（b）

anlOn．
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Chapter4

Developmentof4－Vclassaqueoushybrid

electrochemicalcapacitorwithhigh

SPeCificenergy
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4－1．1mtroduetion

Electrochemical capacitors are energy storage devices capable of

StOring／deliverlngelectricalenergyatratesfasterthanbatteries，therebyBnding叩Plication

inloadlevelingforefncientenergyusagell］．However，aSthechargestorageisbasedon

reversibleionadsorptlOninporouselectrodematerials，theamountofchargethatcanbe

StOredis typicallylimited toanOrder smaller thanbatteries．Here a new hybrid

electrochemicalcapacitorthatcanbeoperatedusingamildaqueouselectrolyteproviding

cellvoltageashighas4・3Vwithspecincenergyofl14Whkg－luslngaMnO2POSititve

electrode，Or3・8Vwith544Whkg－1basedonRuO2nanOSheetpositive electrode，

POtentially exceeding conventional electrochemical capacitors，hybrid electrochemical

CaPaCitorsandevenrechargeablebatteriesisdemonstrated・Thekeydesignofthedeviceis

the appropriate choice of a pseudo－CaPaCitive material that provides highspeciRc

CaPaCitanCeand high positive potentialin aqueous electrolytesand a water stable

multi－1ayered Li electrodein　an　aSymmetric conBguration．The aqueous hybrid

electrochemicalcapacitorproposedherenotonlyclosesthegapbetweenelectrochemical

CaPaCitorsandbatteries，butthenewdesignprlnCipleopensthepossibilityoftheuseof

PSeudo－CaPaCitivematerialforpostlithiumionbatteryteclmology．

Electrochemical doublelayer capacitors（EDLC）based on a symmetric

COnfigurationoftwoporouscarbonelectrodescandeliverenergydensltyOfupto～6Wh

kg‾lforpackagedcell［2］．Thespecificenergycanbeincreasedbyusingtwodi脆rent

typesofelectrodematerialsinanasymmetricconngurationwithoneelectrodebehaving

likeanelectrochemicalcapacitorandtheotherperforminglikeabatteryl3］．Atypical
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hybridelectrochemicalcqpacitor（hybridEC）isthelithiumioncapacitor（LIC），Whichuses

anaCtivatedcarbonpositiveelectrodeandaLi－dopedcarbonnegativeelectrodel4－7］．The

Charge／dischargecurveSOfaLICresemblethatofanEDLC，andtheenergyandpower

PerformanCeOfthecellisgovemedbythecapacitivepositiveelectrode．Thecellvoltage

（～3．8V）isdeterminedbythedecompositionoftheelectrolyte，tyPicallyalithiumSalt

dissoIvedinnon－aqueOuSelectrolytes．ThelowstandardelectrodepotentialofEO＝－3．045

V vs・SHEfor Li＋＋e－→Liresultsin a cellvoltagelargerthanEDLCs・These

characteristicsleadtoenergydensityof～15Whkg－1，Whichiscomparabletolead－aCid

batteriesbutstillcannotcompetewithlithiumionbatteries（LiBs）．Thus，reSearChershave

focusedonincreaslngthe specificcapacitanCeOfthepositiveelectrodeanddeveloplng

newelectrolytes．

Metaloxide electrodes canPrOVide specinc capacitanCe higherthanaCtivated

Carbon owlng tO the contributionfrom highly reversible surface redox processes

bseudo－CaPaCitanCe）［2，8－12］．Atypicalexampleisrutheniumbasedoxides，Whichaffbrds

capacitanCeOf～700Fg－1，3to7timeshigherthanaCtivatedcarbon（100－200Fg．1）【13－17］．

Unfortunately，SuChhighspeci茄ccapacitanCeCanOnlybeachievedinaqueouselectrolytes，

limltlngthecellvoltageto～1・2V．HybridECdesignscanCircumVentthelimitationof

aqueous electrolytes by extending the operating voltage window beyond the

thermOdynamicwaterelectrolysisvoltage，glVlnganattraCtive2Vdeviceinsomecases

l3，18］．Theteclmologybehind2VaqueoushybridECsistheuseofapositiveelectrode

Withhighoxygenevolutionover－POtentialsuchasmanganeSeOXide，glVlngSPeCincenergy

of19Whkgパ18］．
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InordertotakeadvantageOfthehighspeci茄ccapacitanceofpseudo－CaPaCitive

OXidesthatcanOnlyberealizedinaqueouselectrolytesandatthesametimeutilizethelow

electrodepotentialoflithiumthatcanOnlybeoperatedinnon－aqueOuSenVironment，We

have exploited the use ofa water stable multi－1ayered Lielectrodel19，20］，initially

developedastheanOdeforanaqueOuSreChargeableLi－airbattery．ThisnewadvanCed

hybridECcanbeoperatedusingamildaqueouselectrolyteprovidingspecincenergy

exceedingthatofLICsandpotentiallycomparabletoLiBs．Cellvoltagesashighas4．3V

canberealizedwhenMnO2isusedasthepositiveelectrode．

4．2．Experimental

Anionic conducting poly（ethylene oxide）（PEO）－based polymermembrane Of

PEO－Li（CF3SO2）2N－BaTiO3WaSPreParedbyacastingteclmiquereportedpreviouslyl19］．

PEO（Aldrich，aVeragemOlecularweight：6xlO5）powder，andLi（CF3SO2）2Nsalt（LiTFSI，

Wako）with Li／0＝1／18Were completely dissoIvedin anhydrous acetonitrile．BaTiO3

（Aldrich，0．l pmaverageparticlesize）washomogeneouslydispersedinthePEOand

LiTFSIsolutionwithacetonitrileasam1er（10wt％）．Themixturewas stirredatroom

temperatureinanN2－n11eddrygloveboxandwasthencastintoacleanTeflondish・The

acetonitrilesoIventwasslowlyevaporatedatroom－temPeratureinthedryboxforlOh，

andwasthendriedatllOOCforlOhundervacuum．Awater－StableLISICON－tyPeglass

Ceramic，Lil伽ツTi2rxAIxSも′P31′012（ズ～0・25，y～0・3，150い・mthick），WaSSuPPliedbyOhara

Inc・，Japan・Tosetupthemultilayeredwater－StableLielectrode，lithiummetalwithaNi

thin－filmlead，the PEO18－LiTFSI－BaTiO3　COmPOSite polymer electrolyte，and the
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LISICONplateweresandwichedbetweentwopleCeSOfplasticmmswithlowwaterand

gas permeabilities．The cellwas evacuatedand heat sealedleavlng a5X5mm area

WindowontheLTAPplate．

MnO2POWderwas preparedfollowing previous reportsl18，21］．Fumaric acid

（C4H404，Aldrich）wasaddedtoaO．2MKMnO4SOlution（ultrapurewater（＞18ME2cm））

in al：3molar ratio while stirring．The resulting soIwas degasedfor30min under

moderatevacuumandaRerafbwhours，ablackgelformed・Thegelwaswashedcarefu11y

anddriedinair．X－raydi飴actionpattemswereidenticaltothosereported．Thespecinc

BETsurfaceareameasuredbyN2gaSSOrPtionwas235m2g－1・Figure4－lshowsSEM

imagesofthepreparedMnO2POWder．

RuO2・0．5H20powder was prepared according toliteraturel17］．Slow controlled

addition of a O．3　M NaOH solutioninto O．l M RuC13・XH20　solution resultedin

PreCipitationofablacknnepowder．Thepowderwaswashedthoroughlywithultra－Pure

Waterandcollectedbymtration．Thenthepowderwasheattreatedinairat1500Cfor17h

toobtainRuO2・0．5H20．Thec叩aCitanCeOfthematerialinO．5MH2SO4（250C）at2mVs－1

was650Fg－1，ingoodagreementwithliterature・

RuO2nanOSheetswerepreparedaccordingtoliteraturel22］．α－NaFeO2－tyPeNaRuO2

wassynthesizedbyheatingamixtureofNa2CO3andRuandRuO2（2：1：3molarratio）at

9000Cfor12hunderflowingAr．TheobtainedproductwastreatedwithaqueousNa2S208

topromptoxidativepartialde－intercalationofNaionsandthenlMHCltoexchangethe

interlayerNa＋withH＋，reSultingintheformationofhydratedlayeredprotonicruthenate

formulatedasHo2RuO2・0．5H20．Vigorousshaking（atleast10days）oftheacid－treated
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sample（0．1g）in25cm30faqueoustetrabutylammOniumhydroxideresultsinexfoliation

ofHo，2RuO2・0．5H20into RuO2nanOSheets．Theresultantdark－greenSuSPenSionswere

centrifugatedat2000rpmfor30mintoseparatetheexfoliatednanOSheetsandthereadily

Sedimentingmaterials・

Activatedcarbon（AC；2，000m2g，1，MSP－20，KanSaiCokeandChemicals，Japan）

wasusedasreceived．

Thepositiveelectrodeswerepreparedbydepositingacontrolledamountofthe

activematerialdispersedinultra－PureH200ntOamirror－POlishedglassycarbonelectrode

（5mmin diameter）．Theam0unt deposited was O．204mg cm－2for ACand

MnO2＋acetyleneblack（7：3inmass），andRuO2・0・5H20・InthecaseofRuO2nanOSheets，

thedepositedmasswasO・0204mgcm－2・Inordertoevaluatetheelectrochemicalcapacitor

PrOPertiesofthepositiveelectrodes，CyClicvoltammetrywasconductedinl．OMLiClor

Li2SO4（600C）usingathreeelectrodece11comprisedofaAg／AgCl／KCl（Sat．）refbrence

electrode andaplatinumCOunterelectrode．Electrodepotentialswillbereferredtothe

reversiblehydrogenelectrode（RHE）potentialscale・ALuggincapillaryfacedtheworking

electrodeatadistanCeOf2mm．CyclicvoltammetrywasconductedbetweenO．2and1．2V

vsRHEatscanrateSOf500to5mVs－1・Thespecincc叩aCitanCeWaSCalculatedby

averaglngtheanOdicandcathodiccharge丘omthecyclicvoltammogram・

Test cells were construCted byimmerslng the multi－layered Lielectrodeand

positiveelectrodeandinanaqueOuSelectrolyteandcanbeexpressedasLilPEO－LiTFSIJ

LTAPll．O M LiClor Li2SO4aq．lpositive electrode・Figure4－2illustrates the cell

COnfigurationoftheadvanCedhybridEC・Charge／dischargecycletestswereobtainedwith
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beaker－tyPefl00dedcellsat600Cinatwoelectrodecon旦guration・Thespecincchargewas

determined録omthedischargeCurveSbasedonthemassofthepositiveelectrodeun1ess

otherwise noted．The speci丘c capacitanCein the two－electrode system was calculated

accordingtothefo1lowlngequation，

C＝J・d〟dF

WhereIisdischargecurrent，nOrmalizedbythemassofactivematerialanddVdtisthe

Slope ofthe discharge curve（excluding the voltage drop）．The specific energy was

Calculatedbyintegrationofthearea（Cellvoltagevs．capacity）ofdischargeCurveS（shaded

areainFig．4－4）．Theoftenusedequationofl／2C（n2q巧2）forcalculationoftheenergy

densityofelectrochemicalcapacitors，Wherenisthehighercut－0ffvoltageand巧isthe

lowervoltagecut－0ffvoltage，WaSnOtaPPliedinthiswork・Thisequationisvalidonly

Whentheslopeofthedischargecurveiscompletelylinearandspecincenergyobtained

fromthisequationwillbeoverestimatedincaseswheretheslopeisconcave．

4．3．Resultsanddiscussion

As aproofLof－COnCePttO demonstrate the prlnCiple operation ofthe advanced

hybridEC，aCtivatedcarbon（AC）wasnrstchosenasthepositiveelectrode．Aneutral

aqueouselectrolyte（lMLiCl）wasusedinthisstudytoavoidunSOliciteddegradationof

the solid electrolyteand the temperature ofthe cellwas set at600C to ensure good

COnductivityofthemulti－1ayeredLinegativeelectrodel19］．First，theEDLCbehaviorof

the AC electrode was characterizedin a three－electrode configuration．The cyclic

VOltammOgramOftheACelectrodeexhibitsarectangularform，tyPicalofnon－Faradaic
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electricdoublelayerformationattheelectrode－electrolyteinterface（Fig．4－3）．Thespecinc

capacitanCeWaSlOOFg－1atascanrateOf5mVs．1（Table4－1，Fig．4－4a）．Steady－State

Charge／dischargeCurveSOfthehybridEC（LilPEO－LiTFSIELTAPll．OMLiClaq．LAC）

cycledbetween2・9and3・9VataconstantcurrentdensityofO．255mAcm－2areShownin

Figs・4－5a，4－6a，4－7・The voltageincreases／decreaseslinear1y with time，tyPical of

CaPaCitivechargestorage／release．Thespecificchargeandcapacitancecalculatedbasedon

theACelectrodefromthedischargeCurveWaS32・7mAhg－land124Fg－1，reSPeCtively，ln

agreement with the capacitance obtainedfor the AC electrodein a three－electrode

connguration・ThespecincenergyislO8Whkg－1・Consecutivecyclingtestsconductedat

O・255mAcm－2showedgoodcapacitanceretentionwithonly5and27％lossinspecinc

CaPaCityaRer200and2，000cycles，reSPeCtively（Fig・4－8）．ThelossinperformanCeis

dominatedbythedegradationofthemulti－layeredLinegativeelectrode．

ByselectlngaPOSitiveelectrodematerialwithahigherover－POtentialforoxygen

evolution，thece11voltagecanbeincreased・Asshowninthecyclicvoltammogramof

MnO2inlMLi2SO4（Fig・4－3，Fig・4－4b，Table4－1），theoperatingwindowisshiftedto

POSitivepotentials，i・e・0・6－1・6VvsRHE・Charge／dischargecurveSOfthehybridEC（Lil

PEO－LitFSIILTAPl1．OMLi2SO4aq．EMnO2）showcapacitivebehaviorbetween3．3－4．3

V（Fig・4－5b，Fig・4－6b，Fig・4－7）・ThespecincchargecalculatedfromthedischargeCurve

ato・255mAcm－2was31・4mAhg－1basedonMnO2，WhichtranSlatestospecincenergyof

l14Whkg－1・The4・3－VcellvoltageishigherthananyOtherECdevice，SuChasEDLCs

OPeratinginnon－aqueOuSelectrolytes（2・5V），Withionicliquids（3．5V），OrforLICs（3．8

V）．
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Another advantage of the advanCed hybrid ECis that the use of aqueous

electrolytes allows one tofu11y acknowledgethe performanCe Of high capacitanCe

PSeudo－CaPaCitve materials，for examPle nanOStruCtured RuO2・As a typicalexamPle，

hydrousrutheniumOXide（RuO2・0・5H20）waschosenasthepositiveelectrode・Thesingle

electrodecapacitanCeOfRuO2・0・5H20inlMLi2SO4WaS290Fg－lat5mVs－1（Fig・4－3，

Fig．4－4C，Table4－1），WhichislowerthanthespecinccapacitanCeinsulfuricacidbutstill

afewtimeshigherthanAC．Thus，ahybridECwithRuO2・0．5H20（LiIPEO－LiTFSII

LTAPll．OMLi2SO4aq．lRuO2・0．5H20）afEbrdsspecinccapacityof48．2mAhg．1and

specincenergyof149Whkg．lato．255mAcm－2（Figs．4－5C，4－6Cand4－7，Table4－2）．By

uslng a Slightly more exotic material，i・e．RuO2nanOSheets derivedfrom chemical

exfoliationoflayeredNao，2RuO2・0．5H20［22］，thecapacitanCeCOuldbeenhanCedto543F

g‾lat5mVs－1（Fig．4－3，Fig．4－4d，Table4－1）．Acellvoltageof3．8Vwithspecinccharge

andspecificenergyof177mAhg－1and544Whkg－1，reSPeCtively，COuldberealizedina

two－electrode configuration（LilPEO－LiTFSIF LTAPJl．O M Li2SO4aq．L RuO2nS）at

O．255mAcm－2（Figs．4－5d，4－6dand4－7，Table4－2）．

Forapositiveelectrodewith177mAhg－1，45・8mgofLiisoxidized／reduced

during charge／discharge．Thus hypothetically，the specinc charge and specific energy

includingbothelectrodeswouldbe169mAhg‾1and520Whkg．1，reSPeCtively（Table4－2）．

Ifitisestimatedthatthemassoftheelectrodeswouldconstitute20％ofapackagedcell，

thentheantlCIPatedmaximumenergydensltyOfthiscellwouldbelO4Whkg－1・The

Pr亘iectedenergydensltyisanOrderhigherthanState－OfLthe－artLICsandisinthehigher

rangeOfrechargeablebatteries．Naturally，theuseofaneXPenSive，PreCiousmaterialsuch
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asrutheniumOXidewillbeunrealisticforlarge－SCalecommercialapplication．Itisnoted

that thicker RuO2nS electrodes should affbrd the same maXimum energy density．

Nonetheless，thenumbersobtainedinthisstudyshouldrepresentthereachablepotentialof

a4－VaqueoushybridEC．

4．4．Summary

In summary，a neW aqueOuS electrochemical capacitorin an asymmetric

COn茄guration with high voltageand energy has been demonstrated．A number of

advantagesofthisnovelchargestoragetechnologycomparedtopresentsystemsbasedon

CaPaCitivechargestoragecanbedesignated・First，thepotentialwindowcaneXCeedthatof

aqueousMnO2／carbonhybridECs，Carbon／carbonEDLCsandevenLICsbychooslnga

POSitive electrode materialwith high over－POtentialforthe oxygen evolution reaction・

Second，theaqueouselectrolytesarenOtOnlyenvironmentallybenign，butalsoallowthe

useofapseudocapacitvepositiveelectrodewithhighcapacitanCeSuChasnanOStruCtured

rutheniumOXide．Theworkisstillinitspreliminarystageandmuchresearchisneeded

befbrethepresentaqueoushybridECscanberealizedasapotentialchargestoragedevice

CaPable ofreplacing LiBs．The multi－layered Linegative electrode usedis farfrom

OPtimizedforcapacitorapplication；maSSiveandimpracticalam0untOflithiumisusedin

thepresentstudyduetohandlingreasons．ThereisalargefamilyofanOdematerialthat

COuld be possibly used，forexamPle the use ofLi－doped carbonusedin LICs should

decreasetheoverallcellsizeandweight．AIso，developmentofsolidelectrolytescapable

OfuseinacidicenvironmentswouldallowpositiveelectrodeswithevenhighercqpacitanCe．

88



Nonetheless，the proof－Of－COnCePtOfthe advanCedhybrid EC uslng aCOmbinationof

aqueouscapacitorpositiveelectrodeincombinationwithnon－aqueOuSbatterynegative

electrodenotonlyclosestheg叩betweenelectrochemicalcapacitorsandbatteries，but

OPenSthepossibilityoftheuseofpseudo－CaPaCitivematerialsforpost－1ithiumionbattery

teclm0logy．
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Figure4－1．SEMimagesofpreparedMnO2・

Fig．4－2．Schematic representation ofthe aqueous hybrid EC using multi－1ayered Li

electrode．
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Fig．4－5．（a）Steady－StateCharge／dischargecurveSOftheaqueoushybridelectrochemical

C叩aCitorwithactivatedcarbonpositiveelectrodeandmulti－layeredLinegativeelectrode

inmildaqueouselectrolyte（LiEPEO－LiTFSllLTAPll．OMLiCl（600C）IAC）atO．255

mAcm－2・Steady－State Charge／dischargecurveSOftheaqueoushybridelectrochemical

C叩aCitorwith（b）MnO2，（C）RuO2・0．5H20，（d）RuO2nanOSheets aspositive electrode

materialsand multi－layered Li negative electrodein mild aqueous electrolyte（Lil

PEO－LiTFSIILTAPll．OMLi2SO4（600C）Fpositiveelectrode）atO．255mAcm，2
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Fig．4－7．（a）Steady－State discharge curveS Of the aqueous hybrid electrochemical
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Table4－1．S eci茄cca acitanCeOf ositiveelectrodesinmilda ueouselectrol esat600C．

Potentialwindow Scanrate Speci丘ccapacitance

／Vvs・ME　　　　′mVs－1　　　　　　′Fg－1

（electrolyte）

activatedcarbon O．2－1．2

（lMLiCl）

MnO2

RuO2・0．5H20

RuO2nanOSheet
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Table4－2．S ecincationsofa ueousadvancedh bridelectrochemicalca acitorinnoodedce11．

聖誓∴慧imum慧芯＿笠覧（a）篭芦）…£慧慧雷雨ed言霊Pded
恵e箪ag。慧慧器紆ノ器雷鳥冒′買取）′
／V Whk

禦聖（b）／

activated

carbon
3．9

MnO2　　　　　4．3

RuO2

0．5H20

RuO2

nanOSheet

0．255

0．383

0．510

0．765

1．020

1．531

0．255

0．383

0．510

0．765

1．020

1．531

0．255

0．383

0．510

3．8　　　　0．765

1．020

1．531

0．255

0．383

0．510

3．9　　　　0．765

1．020

1．531

108　　　4，100

97　　　6，200

89　　　8，100

77　　12，200

68　　16，100

52　　　23，600

114　　　6，500

100　　　9，700

92　　12，900

81　19，200

70　　　25，300

49　　　36，800

149　　　3，900

102　　　5，800

74　　　7，600

39　　11，100

20　　14，600

1　　21，200

544　　　39，000

426　　　58，000

366　　　77，000

289　115，000

229　152，000

144　　225，000

1，300

1，900

2，600

3，800

5，100

7，400

7，800

11，600

15，400

23，000

30，400

45，000

（a）normalizedpermassofactivematerialofpositiveelectrode

（b）estimatedbydividingspecincenergyandpowerby5
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Conclusions

Inthisstudy，inordertodevelophighperformanceelectrochemicalcapacitors，

three di晩rent approaches were attempted．First，nan0－fabrication synthesis teclmiques

wereappliedtopreparemeSOPOrOuSRuOxelectrodeasmicro－SuPerCaPaCitors．Second，the

electrochemicalc叩aCitorbehavior ofNiOinionicliquids was studied as apotential

high－VOltageECdevice．Finally，anaqueOuShybridelectrochemicalcapacitorconsistlngOf

CaPaCitivepositiveelectrodesandwater－Stablemulti－1ayeredLinegativeelectrodewith

4－Vcellvoltageandbattery－likeenergyperformanCeWaSdemonstrated．Theseresultsare

summarizedbelow．

Inchapter2，PreParationofRuOxwithawel1－0rderedmesoporousstruCtureWith

speci丘c capacitanCe Of376F gLIwasrealizedvialyotropICliquidcrystaltemplate

technique・The obtained Ru metal was composed of wel1－0rdered mesoporesin a

hexagonalarraywithelectrochemica11yactivesurfaceareaOfllOm2g－1・Subsequent

electr0－OXidationa肋rdedtheoxidizedanalogue；i・e・OrderedmesoporousRuOxapplicable

tosupercapacitorapplications．OrderedmesoporousRumetalthinBlmonaTisubstrate

WaSSuCCeSSfu11ypreparedbyelectro－depositionprocess丘omlyotropicliquidcrystalasa

template・Theelectro－depositedRuhasawe11－0rderedmesoporousstruCtureinahexagonal

arraywithelectrochemicallyactivesurfaceareaOf～100m2g－1・Hexagonallyordered

mesoporousRuOx／Tiwasobtainedbyelectr0－0Xidationin0．5MH2SO4andexhibiteda

specificcapacitanCeOf～400F（g－Ru）‾1・Furthermore，meSOPOrOuSRuOxwassuccessfully

electro－depositedontoanIDAelectrodecomposedofapairof65electrodeswithlOトIm
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widthand5トImgaP・ThethusfabricatedmesoporousRuOxmicro－SuPerCaPaCitorexhibited

goodelectrochemicalcapacitorpropertieswithspeciBccqpacitanCeOf12・6mFcm－2anda

specincenergyof12・5Wh（kg－Ru）－1・

InChapter3，thecapacitivebehaviorofdip－COatedNiO／Niwasstudiedinvarious

aqueous and non－aqueOuS electrolytes・Within the non－aqueOuS electrolytes studied，

1－ethy1－3－methylimidazoliumtetrafluoroborate（EMI－BF4）affbrded the highest specinc

c叩aCitanCeOf33Fg－1andenergydensityof150kJkg－1・TheenergydensltyWaS20times

higherthanlMKOHelectrolyte・Thechargestoragebehaviorinnon－aqueOuSelectrolytes

issuggestedtoarisemainlyfromelectricaldoublelayercharglng・Asaconsequence，the

Chargestoragec叩abilityinnon－aqueOuSelectrolyteswasstronglydependentonthesizeof

theions．

In chapter4，a neW aqueOuS electrochemical c叩aCitorinan　aSymmetric

COnngurationwithhighvoltageandenergyhasbeendemonstrated．Thepotentialwindow

exceedsthatofaqueousMnO2／carbonhybridECs，Carbon／carbonEDLCsandevenLICs

bythe choice ofapositive electrodematerialwithhighover－POtentialforthe oxygen

evolutionreaction．Theaqueouselectrolytesarenotonlyenvironmentallybenign，butalso

allow the use ofapseudo－CaPaCitive positive electrode with high capacitanCe SuCh as

Ru02・0．5H20andRuO2nanOSheets．Theobtainedspecific capacltyand specificenergy

withNa－tyPeRuO2nanOSheetspositiveelectrodewere177mAhg－land544Whkg－1，

respectively．Ifitisestimatedthatthemassoftheelectrodeswouldconstitute20％ofa
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PaCkagedcell，thentheanticipatedmaximumenergydensltyOfthiscellwouldbelO4Wh

kg－1・Theprq］eCtedenergydensitylSanOrderhigherthanState－OfLthe－artLICsandisinthe

higherrangeOfrechargeablebatteries．TheaqueoushybridcapacitorwithLiB－1ikespecinc

energycouldberealizedbyuslngahighcapacitanCemetalOxidepositiveelectrodesuchas

aNa－tyPeRuO2nanOSheetsandamulti－layeredLinegativeelectrode．
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